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Abstract
The siboglinid tubeworm Riftia pachyptila is a dominant member of the deep-sea
megafauna where seawater and hydrothermal vent (HTV) effluent interface and mix. It is one of
the fastest growing invertebrates on land or in the sea. It does not have a digestive tract (e.g.
mouth, gut, or anus), and is completely dependent on its sulfur-oxidizing endosymbiont, the
Gammaproteobacterium “Candidatus Endoriftia persephone” for its nutritional requirements.
This association was the first and is the most well studied among chemolithoautotrophic
symbioses. “Ca. E. persephone” is a chemolithoautotrophic bacterium that oxidizes sulfide as an
electron donor for energy, reduces oxygen as a terminal electron acceptor, and uses dissolved
inorganic carbon for biosynthesis.

The symbionts are intracellular and inhabit the host’s

trophosome organ. The symbionts are supplied with sulfide, oxygen, and dissolved inorganic
carbon via host blood, and the products of carbon fixation by “Ca. E. persephone” are translocated
to the host for growth.
The hydrothermal vent environment is chemically heterogeneous over varying time scales.
Substrates required for this symbiotic association are sometimes unavailable from minutes to hours
to days at a time. Yet, the giant tubeworm maintains a growth rate of 1.5 meters in less than 2
years. The research presented here investigated adaptations that “Ca. E. persephone” might have
to flourish under conditions of habitat heterogeneity. These potential adaptations had been
suggested by -omics studies, and here I used biochemical and physiological measurements to
investigate them. Three hypotheses were investigated: that the less energetically expensive
reductive citric acid cycle (rCAC) is more active when sulfide is less available in the environment,
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that hydrogen can be used as an electron donor when sulfide concentrations are low, and that the
symbiont can supplement oxygen as a terminal acceptor with nitrate.
The first hypothesis that I tested was based on the presence of genes encoding two
autotrophic carbon fixing pathways: the Calvin-Benson-Bassham cycle (CBB) and the reductive
citric acid cycle (rCAC). I hypothesized that the rCAC would be preferentially activated under
low-sulfide conditions, as its energetic requirements are lower, while the CBB would be
preferentially activated under high-sulfide conditions. Using enzyme assays that are diagnostic of
these pathways, no difference in overall carbon fixation rates, in the activity of either RuBisCO
activities or ATP citrate lyase activities was detected from worms incubated in high sulfide versus
low sulfide conditions. Electron donor availability does not appear to influence the differential
expression of either carbon fixation pathway.
Hydrogenase genes have been detected in the “Ca. E. persephone” genome, and the role
of H2 as a major electron donor for the symbiont has been proposed based on the presence of these
genes, but not biochemically demonstrated. Based on these findings, I hypothesized that H2 could
be used as an electron donor for energy by the symbiont. Using measurements of the effect of H2
on carbon fixation rates and hydrogenase assays by trophosome homogenate, I investigated the
role of hydrogen as a major electron donor for this symbiosis. Carbon fixation by trophosome
homogenates was not stimulated in the presence of hydrogen and hydrogenase activity was not
detectable in trophosome samples. Based on these results, hydrogen does not appear to be a major
electron donor for this symbiosis.
Nitrate has been proposed as an alternative electron acceptor for the symbiont when oxygen
concentrations are low, and as a source of nitrogen for the host. There is evidence that “Ca. E.
persephone” can reduce nitrate to nitrite via nitrate reductase based on incubation experiments,
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and genomic, transcriptomic, and proteomic data. I hypothesized that “Candidatus Endoriftia
persephone” can utilize nitrate to supplement oxygen as a terminal electron acceptor. I measured
the effect of nitrate on the rate of carbon fixation in trophosome homogenate and we measured the
activity of nitrate reductase in the symbiont. I observed that nitrate stimulates carbon fixation in
the trophosome. Nitrate reductase activity was detected in homogenized trophosome samples, but
not in R. pachyptila vestimentum, which does not contain symbionts. Clearly, nitrate plays a role
in symbiont metabolism, but its contribution to either respiration or biosynthesis remains
unresolved.
The results of the experiments reported here suggest that symbiont carbon fixation
pathways are not differentially active, but constitutively active in low and high sulfide
environments, that H2 is not an electron donor, but that detected hydrogenases could instead
regulate intracellular redox in the symbiont, and that nitrate reductase catalyzes the bacterially
mediated reduction of nitrate to nitrite. Our experiments failed to support assertions made by omics studies and underscore the importance of physiological experiments to support hypotheses
suggested by -omics data. While –omics studies detect the presence of genes, measure transcript
quantities, or demonstrate the presence of a protein, functional capabilities in an organism must be
confirmed via biochemical and physiological measurements.
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Chapter 1: Introduction
Hydrothermal vent (HTV) ecosystems were discovered at the bottom of the ocean on a
geological expedition in 1977 (1). Divergent, crustal plate spreading results in upwelling from
the earth’s mantle into the ocean floor (2). Ejections of geothermally altered seawater from vent
orifices, called diffuse flow, create resource rich zones for chemolithoautotrophic microbes and a
variety of other vertebrate and invertebrate organisms to thrive (3-5).
Chemolithotrophs are organisms that utilize chemical energy from the oxidation of reduced
inorganic compounds (e.g. sulfide, H2) to fuel metabolic processes. Autotrophs are organisms that
fix dissolved inorganic carbon (DIC; CO2, HCO3-, CO32-) for the production of biomass.
Chemolithoautotrophs have been described in an array of habitats including mudflats, estuaries,
sediments, and HTVs (6-9).

HTV communities are dominated by sulfur oxidizing

chemolithoautotrophic organisms (10). These sulfur oxidizing microbes are major contributors to
primary production at HTV ecosystems (5).
The giant hydrothermal vent tubeworm, Riftia pachyptila is an ecosystem structuring
species at HTVs (11, 12). Mussel aggregations, and nematode and copepod communities are
associated with this dominant megafauna which provides them with protection from predators, an
area of nutritional concentration, and could themselves be a source of food for other consumers
(13-16). The growth rate of R. pachyptila is up to 1.5 meters in less than two years (17), and is
completely dependent on the metabolism of its symbiont “Candidatus Endoriftia persephone”
(18).
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Habitat chemistry and temperature at HTVs varies over short and long time scales due to a
variety of factors (2, 19, 20). Symbionts must maintain the rapid rates of carbon fixation necessary
to sustain their host tubeworms despite these oscillations in habitat chemistry, which also correlate
with abundances of redox substrates H2S and O2 (21). How this symbiosis copes with oscillations
in vent chemistry is not clear at this point. Furthermore, basic aspects of their physiology (e.g.,
carbon fixing pathways, electron donors and acceptors) have not been fully elucidated. The
magnitude of contribution of these processes to primary production at HTVs remains to be
elucidated.
Compounding the significance of these uncertainties, the mining of seafloor sulfide
deposits, as are found at the vents, is under consideration (22-24), which could lead to loss of deep
sea HTV ecosystems (25, 26). Research on deep sea communities can help to lessen the impact
of seafloor sulfide mining of HTVs by informing the deep sea mining industry on how to proceed
without destroying deep sea communities (27-29).
Hydrothermal vents
Hydrothermal vents (HTVs) are geological structures at tectonic spreading centers, where
Earth releases heat (30) and crust is formed. HTVs in the East Pacific Rise (EPR) are formed by
divergent plate activity where tectonic plates are pulling away from each other (2). Cracks in the
substratum around the vents allow seawater to permeate deep into the crust (19). Subsurface
reactions between seawater and hot rock surfaces are the source of high-energy molecules such as
methane, sulfide, reduced iron, and hydrogen (3). It is estimated that a volume equivalent to the
entire ocean circulates through ridge axis vents every 8-10 months, and metals and other chemicals
that precipitate as hydrothermal fluid are emitted and carried over thousands of kilometers
throughout the ocean water column (19).
2

HTV communities exist at areas of diffuse hydrothermal flow, at an interface between cold
(2°C), oxic, alkaline bottom water and warm (2-35°C) anoxic, acidic hydrothermal vent effluent
(31). Eddies caused by temperature differences between these fluids unevenly distribute substrates
and nutrients over time scales that can vary from seconds to minutes to hours to days (20).
Additionally, hydrothermal emission composition can vary due to subsurface changes in vent field
plumbing, which introduces change at timescales from weeks to years (32). Accordingly, habitat
chemistry and temperature associated with macrofaunal communities has a very broad range. At
the EPR, temperatures around the vents where macrofaunal communities can be supported are
between 2°C-35°C (31), sulfide concentrations range from undetectable to 725 µM (31), pH is
between 3.8-7.7 (33), DIC concentrations range from 2 to >12mM, and oxygen concentrations
range from 0-110 µM (31, 34, 35).
Free living and endosymbiotic chemolithoautotrophic bacteria prevail at diffuse flow vents
and support dense macrofaunal assemblages as primary producers (5, 36). Dense communities at
HTVs are dominated by macrofauna that have symbioses with chemolithoautotrophic
microorganisms (37, 38). The vestimentiferan tubeworm Riftia pachyptila is the dominant
megafauna species at hydrothermal vents between 27°N in the Guaymas Basin and 32°S on the
EPR (33). Symbiont containing vestimentiferan tubeworms are positioned for access to chemical
substrates around HTV diffuse flow. R. pachyptila aggregations host numerous other species such
as clams, crabs, and mussels. (39).
Chemolithoautotrophy
Chemolithotrophic microbes use reduced inorganic chemicals as electron donors (4) to fuel
autotrophy. Autotrophy is the production of biological molecules from DIC. The compounds that
chemolithoautotrophic organisms use as electron donors have midpoint potentials poised to
3

facilitate introduction of electrons into electron transport chains (ETCs). Chemical reactions in
which electrons are transferred from compounds with low midpoint potentials to high midpoint
potentials have large - ΔG values (40). Accordingly, chemicals with low midpoint potentials, such
as H2 and HS-, can act as electron donors to introduce electrons into ETCs, while chemicals with
high midpoint potentials, such as O2 and NO3-, can accept electrons from ETCs. ATP synthase
uses the proton gradient generated from the ETC to drive the formation of ATP by adding a
phosphoryl group to ADP (41).
Some molecules are better electron donors and others are better electron acceptors. H2
(E0’= -0.42V) is a better electron donor than HS- (E0’= -0.22V) because it has a more negative
midpoint potential. The transfer of electrons from H2 to O2 is more exergonic, produces more
energy, and is more energetically favorable. In contrast, O2 (E0’= +0.82V) is a better electron
acceptor than NO3- (E0’= +0.74V) because it has a more positive midpoint potential and transfer
of electrons to O2 is highly exergonic, making it more energetically favorable (42, 43).
Chemolithoautotrophs at the HTVs oxidize HS-, H2, Fe2+, and CH4 with O2 or NO3- (44, 45).
For chemolithoautotrophs, much of the energy provided from oxidizing inorganic
compounds is consumed by carbon fixation. The most common carbon fixation pathways at the
HTVs are the reductive citric acid cycle (rCAC) and the Calvin Benson Bassham (CBB) cycle
(10). The rCAC is present in Aquificae and Campylobacteria which are dominant in HTV
environments, and thus, rCAC is more widely distributed at HTVs (46).

This pathway is

energetically efficient but also oxygen sensitive, and microbes using rCAC prevail in anaerobic to
microaerophilic microenvironments (47). The key enzyme in rCAC is ATP citrate lyase which
cleaves citrate to acetyl-CoA and oxaloacetate (Fig. 1A). The CBB cycle is found in members of
phyla Proteobacteria, Cyanobacteria, and Actinobacteria (47). It is robust in the presence of
4

oxygen, but energetically expensive (48). The key enzyme in the CBB cycle is RuBisCO (Fig.
1B). At HTVs CBB is the dominant carbon fixing pathway in high energy, oxygenated milieus
(10, 47) among Gammaproteobacteria (49), including symbionts from R. pachyptila.
Riftia pachyptila
R. pachyptila is the fastest growing invertebrate on land or in the sea (17), and is the
dominant megafauna at HTVs (11). This Siboglinid worm has an anterior plume (which functions
as a gas exchange organ), a vestimentum (which helps to anchor the worm in its tube), a posterior
trunk, and an opisthosome (Fig. 2) (50, 51). The vascularized plume is comprised of gill-like
filaments that absorb substrates (e.g. sulfide, DIC, and oxygen) from the seawater. Vessels in the
plume are perfused by blood with extracellular hemoglobin that binds high concentrations of
sulfide and oxygen (52-54). These substrates are delivered to the symbionts in a specialized organ
called the trophosome. The trophosome is 15% of the wet weight of the tube worm. The
trophosome is well-vascularized to facilitate oxygen and sulfide delivery to the trophosome.
Vacuoles in bacteriocytes that contain the symbiont are a major component of the trophosome
(51). Symbiont densities in the trophosome ~3.7 x 109 cells per gram, wet weight (55).
“Candidatus Endoriftia persephone”
“Candidatus Endoriftia persephone”, the bacterial endosymbionts of R. pachyptila are
Gammaproteobacteria, and are environmentally transmitted and shared among several tubeworm
species including Riftia pachyptila, Ridgeia piscesae, and Tevnia jerichonana (33, 56-58). Based
on 16S rRNA gene sequences, a single species of symbiont is present in R. pachyptila (59).
However, multilocus gene sequencing on a single worm and its environment indicates that multiple
genotypes exist alongside a single dominant genotype in host individuals (60).
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Early studies detected RuBisCO activity in the R. pachyptila trophosome, leading to the
conclusion that CBB is the carbon fixing pathway in the symbiont (61). All of the functional genes
for the CBB cycle are present in the “Ca. E. persephone” genome (57). Surprisingly, genes
encoding the rCAC are also present (57). Key proteins from both carbon fixing pathways have
been detected in the symbiont proteome (56, 62). In a proteome comparison of two tubeworms,
RuBisCO was found to be more expressed in trophosome samples from a tubeworm from high
sulfide conditions and an ATP citrate lyase was more expressed in a trophosome sample from a
tubeworm from low sulfide conditions suggesting that the CBB cycle might be more active when
sulfide concentrations are higher, and the rCAC might be more active under low-sulfide conditions
(56, 58, 62).
Symbionts can use sulfide as an electron donor, based on the observation that adding this
chemical stimulates rates of carbon fixation (63, 64). Consistent with these observations, early
analyses of the trophosome detected both APS reductase and ATP-sulfurylase activity in the
trophosome, pointing to the oxidation of sulfide by the symbionts (61). The presence of genes
encoding these enzymes in the metagenome of the symbiont supported the involvement of these
proteins in a sulfide oxidation pathway (57). Moreover, dissimilatory sulfite reductase (56) and a
number of other proteins identified are implicated in a sulfur oxidizing (Sox) pathway have been
identified (62). Sulfide:quinone oxidoreductase and a sulfide dehydrogenase have also been
detected, but the contribution of these components to sulfur oxidation have not been quantified
(62).
Elemental sulfur (S0) granules in the trophosome are a product of incomplete oxidation of
sulfide by the symbionts and are more abundant in trophosomes from R. pachyptila from high
sulfide environments causing the trophosome to appear light green in color (65). These granules
6

are proposed to act as a storage compound under low HS- concentrations; under these
circumstances, they would be oxidized to sulfate for energy (65, 66). Alternatively, studies have
also revealed the presence of hydrogenase genes (56-58, 67), which could enable the oxidation of
hydrogen for energy by the symbionts when hydrogen is abundant at HTVs under low HSconcentrations.
“Ca. E. persephone” may also be able to use multiple electron acceptors. Oxygen
consumption has been observed in “Ca. E. persephone”(68), and the presence of oxygen has been
shown to stimulate carbon fixation by the symbionts (53, 64, 68, 69).

Genes encoding a

cytochrome C oxidase which uses oxygen as a terminal electron acceptor are present in the
metagenome (57). Alternatively, -omics investigations reveal the role of nitrate as either a terminal
electron acceptor under hypoxic conditions, or as a nitrogen source for biosynthesis (56, 62, 70).
All proteins for dissimilatory nitrate reductase genes NarGHJ are present (62). When “Ca. E.
persephone” are incubated in the presence of nitrate, nitrite is formed, but the mechanism of
reduction was not determined (70). Genes encoding enzymes that might reduce nitrite to nitrous
oxide are present (58), but these genes do not appear to be expressed (71). Bacterially-mediated
reduction of nitrate to nitrite for assimilation is supported by the expression of NirFHT and NirS
proteins which convert nitrite to ammonium (62).
Measurements of nitrate uptake by intact R. pachyptila suggest that nitrate is functioning
as a nitrogen source, not an electron acceptor. Uptake of nitrate by intact R. pachyptila in
respirometers was correlated with the appearance of ammonia and nitrite in the vessel. However,
nitrite and ammonium excretion by the worm was significantly less than uptake of nitrate. This
indicates a nitrogen sink and suggests that most of the nitrate was incorporated into biomass, which
does not support that nitrate significantly contributes to symbiont respiration (71). It is anticipated
7

that significant contribution of nitrate to respiration would result in the secretion of large quantities
of nitrite and ammonia.
Riftia pachyptila and “Candidatus E. persephone” mutualism
R. pachyptila provides a chemically and structurally stable environment for “Candidatus
E. persephone”. The host plume is postured in HTV diffuse flow where vent effluent mixes with
seawater to absorb sulfide, oxygen, nitrate, and DIC from the HTV environment (72). These
substrates are delivered to the symbionts in the trophosome via the host circulatory system (54,
73). Sulfide and oxygen are bound with high affinity to host hemoglobin for transport and storage
(63, 72).
R. pachyptila has neither a digestive tract nor the ability to ingest particulate organic matter
(11). Their nutrition comes solely from their symbionts (18, 64, 74). The endosymbiont fixes DIC
and provides the host with carbon skeletons for biomolecules such as lipids, amino acids, and
sugars (55, 74, 75). Similar δ13C composition in both host and symbiont biomass (76) is consistent
with chemolithotrophic symbionts as the nutritional source for the host (77). Further evidence for
the symbionts acting as the source of organic carbon for R. pachyptila is apparent in experiments
to track carbon translocation from the symbionts to the host. When intact R. pachyptila are
incubated with 14C-DIC, the trophosome is the first portion of the organism to be labeled with 14C,
which is consistent with symbiont carbon fixation. Subsequently, 14C begins to be incorporated
into host tissues. This is consistent with translocation of bacterially derived organic carbon from
the symbionts to the host (74).
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Adaptations of R. pachyptila to habitat temporal heterogeneity
Given the habitat variability at the vents, it is not surprising that the host and symbionts
have a suite of adaptations to maintain high rates of carbon fixation and growth despite these
oscillations. Hemoglobin has a high oxygen carrying capacity (3mM) (52) to support the oxygen
demand of the symbiont on the host (78). This capacity also serves as a reserve for oxygen when
oxygen is not available in the HTV diffuse flow (52). Additionally, host hemoglobin has a
markedly high carrying capacity for sulfide (<1.1M) which enables the transport of HS- to the
symbiont and protects the worm from sulfide toxicity (53). Hemoglobin bound HS- could be used
for energy by the symbionts when HS- is temporarily unavailable around the HTVs to maintain
autotrophy for the host’s nutritional needs (72).

In intact tubeworms, carbon fixation was

measured up to 3.5h after HS- was undetectable in the incubation medium (79). Further, elemental
sulfur storage in symbiont vesicles could serve as an energy source when sulfide concentrations
are low (65). Carbonic anhydrase in the plume of R. pachyptila enhances the diffusion of inorganic
CO2 to the symbionts and facilitates high host demand for fixed carbon in addition to sequestering
CO2 when it is scarce in the HTV diffuse flow (80). The endosymbionts are able to sustain the
rapid growth of R. pachyptila when substrate concentrations are low in the environment (79, 81)
due to the ability of these adaptations to buffer fluctuations in HTV chemistry.
Objectives and Hypotheses
Given what is already known about the adaptations (e.g. oxygen, sulfide, and DIC transport
and storage) of R. pachyptila that buffer the influences of HTV heterogeneity for its symbiont, it
is likely that several adaptations by both the host and symbiont remain to be confirmed. The
purpose of the work presented in this thesis is to clarify the –omics predicted physiological
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adaptations of the symbiont to the unsteady supply of nutrients at HTVs. Specifically, I addressed
the following hypotheses:
1. Under low sulfide conditions the energetically favorable reductive citric acid cycle (rCAC)
is more active than the CBB cycle in the Riftia endosymbiont “Candidatus Endoriftia
persephone”.
2. “Candidatus Endoriftia persephone” uses H2 to supplement the use of H2S as an electron
donor.
3. “Candidatus Endoriftia persephone” can supplement oxygen as a terminal electron
acceptor by using nitrate.
This thesis is organized into three sections, each addressing one of the above hypotheses. Each
section begins with background information relevant to the hypothesis, followed by methods,
results, and discussion.
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Figure 1.1. (A) The reductive citric acid cycle, and (B) the Calvin Benson Bassham cycle, with key enzymes ATP
dependent citrate lyase and RuBisCO circled in green
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Figure 1.2. Riftia pachyptila anatomy with a worm in a tube (left) and partially dissected (right). Major features are
labelled.
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Chapter 2: Co-occurring activity of two autotrophic pathways in symbionts of
hydrothermal vent tubeworm Riftia pachyptila

Abstract
Genome and proteome data predict the presence of both the reductive citric acid cycle
(rCAC) and Calvin-Benson-Bassham cycle (CBB) in “Candidatus Endoriftia persephone”, the
autotrophic sulfur-oxidizing bacterial endosymbiont from giant hydrothermal vent tubeworm
Riftia pachyptila. I tested whether these two cycles might be differentially induced by sulfide
supply, since the synthesis of biosynthetic intermediates by the rCAC is less energetically
expensive than by the CBB. R. pachyptila were incubated under in situ conditions in high-pressure
aquaria under low (28-40 μmol hr-1) or high (180 - 276 μmol hr-1) rates of sulfide supply.
Differential expression of the two pathways was not apparent under the two conditions tested.
Symbiont-bearing trophosome samples had similar rates of carbon fixation. Activities of rCAC
enzyme ATP-dependent citrate lyase and CBB enzyme RuBisCO were measureable in all
trophosome samples tested, and did not differ between the two conditions. δ13C values of internal
DIC pools were extremely variable, and did not correlate with sulfide supply rate. In samples
taken from freshly collected R. pachyptila, δ13C values of lipids fell between those collected for
organisms using either the rCAC or CBB cycles exclusively. These measurements are consistent
with co-occurring activities of both the rCAC and CBB cycles in these organisms.
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Introduction
Hydrothermal vents support dense communities of organisms despite considerable habitat
heterogeneity. The interface between oxic, alkaline bottom water and anoxic, sulfidic, acidic dilute
hydrothermal fluid (31) forms eddies, which are driven by the temperature differences between
these two bodies of water (34). Habitat chemistry can also vary due to subsurface changes in vent
field plumbing (82). As a result, communities at these vents are exposed to short and long-term
changes in habitat chemistry.

At diffuse flow sites in the East Pacific Rise (EPR) where

particularly dense communities of organisms are found, pH ranges from 3.7-7.7, temperature
ranges between 2-26.6°C (31, 33), and sulfide concentrations can be between 0-725 µM (20).
Chemolithoautotrophic symbiosis is common in many of the macrofauna inhabiting areas
supplied with dilute hydrothermal fluid (38, 83). Chemolithoautotrophic bacteria oxidize reduced
inorganic compounds such as sulfide or hydrogen to fuel carbon fixation and provide organic
carbon to their host (84, 85). These macrofauna settle in areas where they can access the reductants
supplied by the dilute hydrothermal vent fluid as well as oxygen from the bottom water (86). These
symbiotic associations can form dense aggregations that host numerous other species such as
clams, mussels, and Polychaeta (39).
Given the role of symbiotic associations in primary productivity and ecosystemstructuring, it was of interest to determine the carbon fixing pathway used by the bacterial partners.
Based on enzyme assays, the dominant pathway appeared to be the Calvin Benson Bassham cycle
(CBB) (87). The CBB cycle is widely distributed, e.g., in phyla Cyanobacteria, Proteobacteria,
and Actinobacteria (47, 88, 89).

Phosphoribulokinase and ribulose 1,5-bisphosphate

carboxylase/oxygenase (RuBisCO) are diagnostic enzymes in the CBB cycle (47, 90). RuBisCO
carboxylates ribulose 1,5-bisphosphate (RuBP) using CO2 as a substrate, resulting in 2 molecules
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of 3-phosphoglycerate (47).

Synthesizing biomass from CO2 using the CBB is relatively

energetically expensive (48), which may be a disadvantage when sulfide concentrations around
the hydrothermal vents are low.
The autotrophic reductive citric acid cycle (rCAC) is also widely distributed (e.g.,
Proteobacteria, Chlorobi, and Aquificacea) (91-94). In the rCAC, the citric acid cycle runs in the
reductive direction, in which electrons and CO2 are added to organic acids. The rCAC is
distinguished from the oxidative CAC by the presence of either the citrate cleaving enzyme ATP
dependent citrate lyase (ACL), or the enzymes citryl-CoA synthetase with citryl-CoA lyase (95,
96).

Other key enzymes in the rCAC include pyruvate: ferredoxin oxidoreductase and

oxoglutarate: ferredoxin oxidoreductase, which reduce and carboxylate acetyl-CoA and succinylCoA respectively (47). Due to the oxygen sensitivity of these enzymes (97), the rCAC is inhibited
in the presence of oxygen (47, 98). The rCAC uses ferredoxin as a reductant, in addition to
NAD(P)H, unlike the CBB cycle, which could provide an advantage if the electron donors
available in the environment have particularly negative midpoint potentials (99). Furthermore,
biomass synthesis from the rCAC is less energetically expensive than the CBB cycle (48).
Both pathways may be active in the symbionts of the giant hydrothermal vent tube worm,
Riftia pachyptila.

Genome and proteome studies indicate that the gammaproteobacterial

endosymbiont “Candidatus Endoriftia persephone” (57), which provides all of the tubeworm's
organic carbon (55, 61, 74, 79) may be capable of using both the CBB and rCAC (33, 56, 57, 62).
Genes are present in the “Ca. E. persephone” genome which encode the enzymes of the CBB
cycle, as anticipated, but genes are also present that encode key steps of the rCAC. These genome
observations were corroborated by proteomic analyses of R. pachyptila trophosomes (56, 65).
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Stable carbon isotope values of R. pachyptila biomass are also consistent with the operation
of more than one carbon fixing pathway. These values are expressed as δ13C, = [(Rsample/Rstd)-1],
where Rsample = 13C/12C in a sample, and Rstd = 13C/12C in the Vienna Pee Dee Belemnite standard;
(100, 101). Carbon fixation by either the rCAC or CBB cycle preferentially utilizes
resulting in biomass organic carbon that is
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CO2,

13

C depleted relative to environmental dissolved

inorganic carbon (DIC = CO2 +HCO3- + CO32-). These differences in δ13C values are expressed
as Δδ13C, equal to δ13C– δ13Cbiomass. For organisms using the rCAC, Δδ13C values are typically
smaller than the CBB. For organisms using the rCAC, Δδ13C of DIC/biomass = 9-13‰, while
those using the CBB have values of 24-26‰ (102-108). The CBB cycle fractionates more than
the rCAC due to the large kinetic isotope effects of RuBisCO enzymes, which are expressed as ε
values (= (12k/13k – 1) x 1000, where

12

k and

13

k are the rates of

12

CO2 and

13

CO2 fixation,

respectively; (101). RuBisCO ε values range from 11 – 29‰ (109-114). Δδ13C values for R.
pachyptila, are 9 – 16‰ (115). These 13C-enriched values, relative to other organisms using the
CBB cycle, have been proposed to be due to CO2 limitation (115), internal CO2 gradients (116),
carbon fixation by a less isotopically selective RuBisCO (ε=18 ‰ for “Ca. E. persephone”
RuBisCO; (111)), or the operation of the rCAC (56). Since R. pachyptila Δδ13C values can be
larger than those anticipated for the rCAC, and smaller than those anticipated for the CBB, they
do not specifically earmark either pathway.
R. pachyptila thrives in temporally heterogeneous, diffuse flow hydrothermal vent sites
where temperature changes rapidly (117), sulfide ranges from undetectable to 725 µM, DIC
concentrations range from 2 to greater than 12 mM, and oxygen concentrations range from 0-110
µM (31). Two carbon fixing pathways with different energy requirements and oxygen sensitivities
could be an advantage in such a heterogeneous habitat. R. pachyptila anatomy includes several
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adaptations to buffer its internal environment from short-term fluctuations in habitat chemistry
(20, 34, 118). “Ca. E. persephone” inhabit bacteriocytes within the trophosome, a highly
vascularized organ suspended in a coelomic cavity (11).

R. pachyptila provides “Ca.

E.

persephone” with the sulfide it uses as an electron donor via its circulatory system and coelomic
fluids (54, 55, 74). The host’s hemoglobins buffer the impact of environmental fluctuations to
“Ca. E. persephone” by binding sulfide and oxygen (119, 120). High activities of carbonic
anhydrase in the plume and trophosome facilitate delivery of DIC to the symbionts and maintain
its supply when symbiont demand changes (80). Together, these adaptations make it possible for
the symbiosis to maintain high rates of autotrophic carbon fixation for several hours after sulfide
and oxygen are depleted from the environment (79). Based on these factors, short term oscillations
(e.g., seconds to minutes) in the habitat are unlikely to influence the endosymbiont’s milieu.
Long-term environmental oscillations in habitat chemistry are more likely to result in
differences in the internal chemistry of R. pachyptila. Sulfide uptake and proton elimination by
intact R. pachyptila are strongly correlated with sulfide availability, as is CO2 uptake (121).
Trophosome elemental sulfur composition is variable (65), decreasing when R. pachyptila are
incubated under low sulfide conditions (72). Unlike sulfur metabolism, relative abundances of
CBB and rCAC proteins do not show consistent patterns in R. pachyptila from high versus low
sulfide habitats. In some studies, R. pachyptila collected from vents where sulfide is depleted have
higher abundances of rCAC enzymes ATP-dependent citrate lyase and 2-oxoglutarate
oxidoreductase (56), while those from high sulfide environments show the opposite trend (33).
To clarify whether differences in sulfide supply might result in differential activity of the
CBB cycle versus the rCAC under high (CBB) and low (rCAC) sulfide conditions, R. pachyptila
were incubated under low or high sulfide conditions and their internal sulfur pools, autotrophic
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potential, CBB/rCAC enzyme activities, and internal DIC pools were monitored. In addition,
tissues from freshly collected R. pachyptila were subjected to natural abundance δ13C analyses to
infer the activities of the rCAC and CBB cycles in situ.
Results
Impact of sulfide supply rate on R. pachyptila tissues
R. pachyptila incubated in pressure vessels with low rates of sulfide supply had low sulfide
concentrations in blood and coelomic fluid. R. pachyptila incubated in pressure vessels with high
rates of sulfide supply had higher sulfide concentrations in blood and coelomic fluid (two-sided ttest, p<0.05) (Fig. 1a). R. pachyptila incubated in pressure vessels provided with low rates of
sulfide supply had trophosomes with lower elemental sulfur content than those provided with
higher sulfide supply rates (two-sided t-test, p <0.05) (Fig. 1b).
Impact of sulfide supply on symbiont autotrophic potential
Autotrophic carbon fixation by trophosome samples was not affected by rates of sulfide
supplied to the worms (Fig. 2). CO2 fixation rates by trophosome samples from R. pachyptila
exposed to low (n=5) and high sulfide supply rates (n=6) were indistinguishable from each other
(two-sided t-test, p<0.05).
Enzyme assay validation and enzyme activities
ACL and RuBisCO activities in R. pachyptila trophosome had similar pH and temperature
optima. Both had high activities between 25 and 35°C, and pH 7 and 8. Interestingly, R.
pachyptila RuBisCO, as previously observed, was active up to 50°C (122). Based on these results,
enzymes were assayed at 20°C and pH 8 (ACL) and 7.5 (RuBisCO). Enzyme activities measured
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for positive controls (Klebsiella pneumoniae citrate lyase; spinach RuBisCO) exceeded those
measured in trophosome samples, indicating that the assays were not saturated.
There was no significant difference in activities of enzymes from the rCAC or CBB
between R. pachyptila incubated under low- and high rates of sulfide supply. Activities of ACL
and RuBisCO were similar for R. pachyptila exposed to these two conditions (Table 1; two-sided
t-test, ACL: p<0.05; RuBisCO: p<0.05). RuBisCO activities were considerably lower in samples
of vestimentum, which does not contain symbionts. However, ACL activities were similar in
trophosome and vestimentum, which suggests that the assay detected both symbiont ACL (rCAC),
and host ACL, presumably used for lipid metabolism.
Impact of sulfide supply rate on the isotopic composition of internal DIC pools
The δ13C values of DIC in blood and coelomic fluid were from 3 to 7‰ more positive than
in vessel seawater (Fig. 4). Trophosome DIC values were particularly variable. For three
individuals, these values were similar to those measured for blood DIC (R1, R9, R12; Fig. 4), and
for two they overlapped the DIC measured for vessel seawater (R14 and R15; Fig.

4).

Trophosome DIC was extremely isotopically enriched for three individuals (R10, R11, and R16;
Fig. 4). These patterns of isotopic compositions of internal DIC pools did not show a clear trend
with respect to sulfide supply rate.
To verify that this variability in trophosome DIC stable isotope composition did not arise
from sample treatment, 7.5 mM DIC was dissolved in saline with ionic composition similar to R.
pachyptila vascular blood (63), and this saline was nebulized using the same protocol as for
trophosome samples. The stable isotope composition of the DIC in the saline before treatment (1.4±0.1‰; n=2) and after treatment (-1.5±0.0‰; n=3) were similar.
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Stable isotope compositions of lipids and biomass
The δ13C values of fatty acids and biomass from H. crunogenus and C. tepidum showed
trends anticipated from their carbon fixation pathways (CBB and rCAC, respectively); lipids from
H. crunogenus were 13C-depleted, and C. tepidum lipids were enriched, relative to biomass (Table
2). Lipids from R. pachyptila trophosome samples and “Ca. E. persephone” were also enriched
in 13C, but to an extent less than those measured for autotrophs relying entirely on the rCAC (Table
2).
Discussion
I hypothesized that during times of sulfide limitation the R. pachyptila endosymbiont
would utilize the reductive citric acid cycle, which requires less energy in the form of sulfide
electrons, compared to the more oxygen tolerant, but energetically expensive CBB cycle. The
simulated in situ conditions to which the R. pachyptila worms were exposed resulted in low sulfur
concentrations in the trophosomes of worms that were incubated under low sulfide, and high sulfur
concentrations in the trophosomes of worms from high sulfide pressure vessels, which supports
previous studies (69, 72). An anticipated response to sulfide depletion would be that the symbiont
carbon fixation rate may be reduced, or that the energetically less expensive rCAC cycle would be
more active than the CBB cycle. However, no differences in symbiont autotrophic pathway
activity were detected as a result of sulfide (e.g. energy) limitation by any of the measures used
here. This could be evidence that both the CBB cycle and the rCAC are constitutively active,
suggesting that the endosymbiont has the advantage of being able to provide carbon fixation cycle
intermediates from either cycle to its host in the presence of any redox substrate regime that is
available to the host in situ. This could be an advantage because each of the pathways consume
different cellular electron carriers (ferredoxin versus NADH/NADPH) and having both pathways
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could help to maintain redox balance in the trophosome environment. It is also possible that the
enzymes are being post-transcriptionally regulated to respond to changes in sulfide or oxygen
availability.
ACL activity was an order of magnitude higher from both the high and low sulfide
conditions compared to RuBisCO activity. This does not necessarily indicate that the rCAC is
tenfold more active in the symbionts than the CBB. ACL plays a role in fatty acid biosynthesis
(123), and is measurable in symbiont free tissues, which could explain the difference in ACL
activity compared to RuBisCO activity in our assay data. In addition, form II RuBisCO activities
in the endosymbiont may not be optimally measured using the assay presented here. An isotopic
disequilibrium assay developed for low-affinity enzymes (124, 125) was attempted for RuBisCO
activity from R. pachyptila trophosome homogenates; although activities measured in trophosome
samples by this assay were approximately ten-fold higher, it did not provide replicable results (data
not shown). Therefore, it is likely that RuBisCO activities in trophosome samples are higher than
the values reported here.
The δ13C of internal DIC in R. pachyptila suggests variability in carbon fixation pathway
activity among the individuals for which these data were collected (Fig. 4). The major influences
on the isotopic composition of the DIC in vascular blood, coelomic fluid, and trophosome include
the δ13C of external DIC (pressure vessel water, hydrothermal fluid), input of DIC from cellular
respiration of biomass, and carbon fixation by the symbionts. Active carbon fixation is suggested
by vascular blood/coelomic fluid DIC δ13C values that are more positive than those measured in
pressure vessel water or biomass (RP 5 – 11; Fig. 4) since the CBB and rCAC discriminate against
DI13C. Given that DIC in dilute hydrothermal fluid also has δ13C values more positive than these
values (Fig. 4), it would be tempting to speculate that this isotopic enrichment was a result of
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dilute hydrothermal fluid DIC being retained inside the R. pachyptila before dissection. This
possibility seems unlikely, given that the worms were maintained in pressure vessels for at least
48 hours prior to dissection, longer than it takes for these organisms to equilibrate with external
DIC (31).

DIC was particularly isotopically enriched in trophosome samples from three

individuals (RP10, RP11, RP16; Fig. 4); perhaps the CBB cycle, and RuBisCO, were particularly
active in these organisms. Internal DIC δ13C values did not correlate with rate of sulfide supply,
consistent with carbon fixation pathway choice being dictated by other factors. δ13C values of
fatty acids from R. pachyptila samples are also consistent with the operation of both autotrophic
carbon fixing pathways. Differences in δ13C values between fatty acids and biomass (εbiomass/16:0
and εbiomass/18:0; Table 2) fall between the ranges measured for organisms using either the rCAC or
the CBB cycle.
Sulfide energy limitation does not exert an apparent effect on carbon fixation pathway
utilization by the endosymbiont of R. pachyptila, based on the data presented here.

The

endosymbiont of R. pachyptila was the first bacterium discovered to have the potential to express
both the CBB cycle and rCAC (56). Since then, the genetic potential to use both pathways has
been observed in “Ca. Thiomargarita nelsonii”, a free-living member of Gammaproteobacteria
(126), as well as in the symbionts from multiple vestimentiferans (127). If the genomic data for
“Ca. T. nelsonii” can be supported with biochemical assays, “Ca. E. persephone” may not be as
novel in its carbon fixation versatility as was initially believed.
Methods
R. pachyptila collection and maintenance
Riftia pachyptila worms were collected from hydrothermal vent fields at the 9°N Integrated
Study Site in the East Pacific (9° 50'N, 104° 18'W, 2500 m depth) using the HOV ALVIN during
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2014 and 2016. Individuals were placed in a thermally insulated bio box during the 1-hour transit
to the surface, where they were either sampled immediately (see details below), or individually
incubated in pressure vessels under in situ conditions (250 atm, DIC = 2.7 – 4.1 mM, O2 = 0.02 –
0.26 mM, pH = 5.9 – 6.7, 15°C; (79)). Viability was monitored for twelve hours via vessel
observation ports to verify minimal damage to the worms during collection. Subsequently, sulfide
was supplied to the pressure vessels at two levels that bracket those present among R. pachyptila:
low sulfide supply (5 vessels; 28 – 40 µmol hr-1; 0.001 – 0.008 mM) or high sulfide supply (6
vessels; 180 – 275 µmol hr-1; 0.038 – 0.141 mM). R. pachyptila incubated under these conditions
had previously been shown to have very different metabolic rates, with worms incubated under
high sulfide conditions having considerably higher rates of DIC uptake, suggesting a potential shift
in metabolic mode (79). Worms were maintained under these conditions for 48 – 72 hours, with
DIC, sulfide, and oxygen concentrations in the pressure vessels monitored via gas chromatography
(128), and pH via Accumet AR15 pH meter equipped with a calomel-referenced pH electrode
(Fisher Scientific, Pittsburg, PA) calibrated with NBS standards (pH 4.0, 7.0, and 10.0).
Worms were removed for tissue analyses and trophosome preparations by depressurizing
the vessels rapidly (~5 min); they were then immediately dissected in a cold room (10°C). Mixed
samples of vascular and coelomic fluid were drawn into gastight syringes, stored refrigerated, and
dissolved gases were quantified within 6 hrs. Trophosome and vestimentum samples for enzyme
assays, sulfur, and δ13C analyses of organic carbon were immediately freeze-clamped and stored
at -70°C. Trophosome samples were also taken for immediate 14C assays for autotrophic potential
and were prepared as described below. Mixed samples of vascular blood and coelomic fluid as
well as trophosome, were also removed for δ13C analyses of DIC, as described below.
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Impact of sulfide supply rate on R. pachyptila tissues
Sulfide concentrations in vascular and coelomic fluid freshly collected from R. pachyptila
removed from pressure vessels were quantified with a gas chromatograph (128). The elemental
sulfur content of trophosome samples was determined at the USF Stable Isotope Lab with a
Costech ECS4010 Elemental Analyzer (Valencia, CA), using the Mass 66 collector on a
ThermoFisher Scientific Delta V Advantage Isotope Ratio Mass Spectrometer (Waltham, MA) as
the detector, calibrated with organic standards ranging from 0.09-5.59% sulfur (129).
Impact of sulfide supply on symbiont autotrophic potential
To determine whether sulfide availability in pressure vessels influenced the autotrophic
potential of the bacterial endosymbionts, e.g., by affecting the activities of autotrophic CO2
fixation pathways, carbon fixation rates were measured radiometrically in homogenates prepared
from trophosome freshly excised from R. pachyptila incubated in pressure vessels, as described in
(130), with DIC raised to 10 mM to ensure that carbon fixation was CO2-saturated (112).
Incubations were conducted at 18°C in 5 ml stainless steel high-pressure syringes, maintained at
250 atm with a Cetoni NEMESYS high pressure syringe system (Cetoni GMBH, Korbussen,
Germany). Syringe contents were agitated with stir bars and micro stir plates. Samples were
removed at 5 min intervals for a 30 min time course. They were added to 100 µl 1.2N HCl in a
scintillation vial, vortexed, and sparged with air for 2 hours to remove residual CO2. Samples were
treated to minimize scintillation quenching caused by trophosome. They were bleached for 20
minutes with 20 µl H2O2 and 200 µl Scintigest (Fisher Scientific). Three ml of scintillation fluid
(Scinti-Verse BD scintillation cocktail; Fisher Scientific) was added to the vials. After 12 hours,
radioactivity was measured on a scintillation counter.
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Enzyme activities
Trophosome samples weighing and vestimentum extracts for enzyme assays were prepared
from samples stored at -70°C. 0.1 – 0.5 g were homogenized in 3 ml ice-cold sonication buffer
(30 mM MgCl2, 10 mM NaHCO3, 1 mM Na2EDTA, 2.5 mM dithioerythritol (DTE), 100 mM
sodium 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (NaHEPES) pH 7.5), supplemented
with 0.5 g acid-washed glass beads (<160 µm; Sigma, St. Louis, MO), and sonicated on ice (3 ×
15 sec, determined to maximize enzyme activity release; data not shown; Sonic Dismembrator,
Fisher Scientific, Pittsburgh, PA). Between sonications, samples were bubbled gently for 1 min
with argon while on ice. Sonicant was centrifuged (5 min, 4°C, 10,000 × g). High rates of NADH
oxidation in ACL assays without added substrate, likely due to the high concentrations of succinate
and other C4 acids in R. pachyptila body fluids (131), were diminished by desalting the extracts;
therefore, for all assays, supernatant was desalted into sonication buffer with PD-10 desalting
columns (GE Healthcare, Buckinghamshire).
ACL (E.C. 2.3.3.8) was assayed spectrophotometrically by tracking oxaloacetate synthesis
from citrate, combining the methods of (94) and (132), conducted at 20°C. Assay buffer (30 mM
MgCl2, 5 mM DTE, 30 mM NaHEPES, pH 8) was sparged with argon and 1 ml portions were
sealed in Pyrex gastight cuvettes. Adenosine 5'-triphosphate disodium salt (1.5 mM), coenzyme
A free acid trihydrate (0.1 mM), β-nicotinamide adenine dinucleotide, disodium salt, hydrate
(NADH; 0.1 mM), and malate dehydrogenase (from porcine heart, E.C. 1.1.1.37, 200 U; MP
Biomedicals, Solon, OH) were added to the cuvette (final concentrations are in parentheses).
Desalted homogenate was added, and sodium citrate was injected to begin the reaction (0.1 mM
final concentration). Activity was measured via oxaloacetate production, which was determined
spectrophotometrically via NADH oxidation by malate dehydrogenase (ε340 = 6.2 mM-1 cm-1).
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A340 measurements were taken every 30 sec for 2.5 min. ACL activities were calculated by
subtracting rates measured in the absence of added citrate from those in which this substrate was
added.
RuBisCO (E.C. 4.1.1.39) was assayed radiometrically, with a modified protocol based on
(113), conducted at 20°C. Assay buffer (10 mM NaHCO3, 30 mM MgCl2, 2.5 mM DTE, 100 mM
NaHEPES pH 7.5) was bubbled with argon and 430 µl portions were sealed in glass vials with
argon headspace. 50 µl trophosome extract and 10 µl ribulose 1,5-bisphosphate sodium salt
hydrate (0.1 mM final concentration) were added, and 10 µl NaH14CO3 solution was injected to
begin the reaction (50 mCi/mmol; MP Biomedicals, Santa Ana, CA). 100 µl samples were
removed at 20 sec intervals over a 2 min time course and treated as described above for assays of
symbiont autotrophic potential.
For both ACL and RuBisCO, pilot assays were conducted to determine valid temperature
and pH values for activity, verify that activity was stimulated by substrate, and to determine
whether measured activity was proportional to the amount of extract added. Protein concentrations
in the assays were measured using a Bio-Rad RC DC Protein Assay Kit.
Stable carbon isotopes
Natural abundance δ 13C values were determined for DIC in pressure vessel water, samples
of mixed vascular and coelomic fluid, and homogenized trophosome. For DIC samples, 12 ml
exetainers were loaded with 1 ml 10 mM CuSO4 in 43% phosphoric acid, sealed, and flushed with
helium. Pressure vessel water and body fluids (0.1 – 0.5 ml) were injected into these vials, shaken
to acidify them, and stored <2 months before analysis at the USF Stable Isotope Lab with a
ThermoFisher Scientific Delta V Advantage Isotope Ratio Mass Spectrometer. Samples stored
this way were stable for two months (data not shown).

Prior to injection into exetainers,
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trophosome samples were liquefied as follows: two glass leur lok gastight syringes were prepared
for each sample. One contained 2 ml deionized, distilled water bubbled with argon and verified,
via gas chromatography, to be DIC-free. 0.5 -1 g trophosome was sealed into the other syringe
with zero headspace. Both syringes were coupled to the ends of a 22-gauge emulsifying needle,
and distilled water was injected into the syringe containing the trophosome sample. Trophosome
and distilled water were passed through the needle 2-3 times, and a 0.1 – 0.5 ml portion of this
fluid was injected into an exetainer prepared as described above.
R. pachyptila trophosome and vestimentum samples were prepared for measurement of
organic carbon δ13C values by fuming 100 mg samples overnight with 12N HCl, and drying them
at 60°C for 48 hrs. δ 13C values were measured by CF-EA-IRMS (Continuous Flow Elemental
Analyzer Isotope Ratio Mass Spectrometry) at the University of South Florida College of Marine
Science Stable Isotope Biogeochemistry Laboratory using commonly accepted procedures (133).
Isotope compositions were measured on a ThermoFinnigan Delta+XL IRMS. Secondary reference
materials (NIST 8574 δ 13C = +37.63 ± 0.10 ‰, NIST 8573 δ 13C = -26.39 ± 0.09‰) were used to
normalize raw measurements to the VPDB (δ 13C) scale (134-136). Measurement uncertainties
expressed as ±1 standard deviation of n=5 measurements of a laboratory reference material (NIST
1570a δ 13C = -7.17 ± 0.19‰) were ±0.23‰.
Samples from R. pachyptila freshly recovered from the vents were used to determine δ 13C
values for lipids extracted from trophosome, vestimentum, and Endoriftia persephone enriched
from fresh trophosome samples via centrifugation through Percoll (81). Lipids were also extracted
from Hydrogenovibrio crunogenus (CBB) and Chlorobium tepidum (rCAC).

Lipids were

extracted and derivatized as described in (137). At the University Of South Florida College Of
Marine Science Stable Isotope Biogeochemistry Laboratory, samples were evaporated under UHP
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N2 streams to dryness and re-hydrated to 1 ml in hexane (GC-Resolve, Fisher Scientific). 100 µl
aliquots were split into autosampler vials for injection. Samples were pre-screened for target
compound presence and concentration on a Varian 3800-GC/310-MS system (scanning 50500AMU, HP DB-Wax column (30 m/0.25 mm/0.25 µm), initial temp 50°C, 3 min hold; 30°C/min
to 120°C; 8°C/min to 355°C 5.0 min hold). Splitless injections (1-4 µl depending on relative
concentration of target compounds) were chromatographed through an Agilent 6890A GC using
the using the same column and program described above. Chromatographed compounds were
transmitted through a modified ThermoFisher GC-Combustion-III oxidation reactor and open-split
interface into a Delta+XL IRMS analyzer for measurement. Raw measurements were normalized
to the VPDB scale using an esterified known octadecanoic acid laboratory reference material (δ
13

C = -28.73 ± 0.09‰).

Statistics
To determine whether physiological parameters and enzyme activities from R. pachyptila
incubated under low- and high sulfide supply rates were statistically distinguishable, two-tailed ttests were run in Excel 2013, assuming equal variance in the samples.
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Table 2.1. Enzyme activities in trophosome samples from R. pachyptila incubated under low and high rates of sulfide supply

a

Incubation conditions

Sample type

ATP-dependent citrate lyasea

RuBisCO

Low sulfide supply

Trophosome

0.24 + 0.15 (5)

0.017+0.010 (5)

Low sulfide supply

Vestimentum

0.22 (1)

0.005 (1)

High sulfide supply

Trophosome

0.19+0.11 (6)

0.012+0.011 (6)

High sulfide supply

Vestimentum

0.21 + 0.16 (2)

0.001+0.003 (2)

Activities are µmol min-1 mg protein-1 ± st. dev (n)
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Table 2.2. Stable isotope composition of bulk biomass and lipids from Ca. E. persephone and other autotrophic microorganisms

Sample

Autotrophic

Biomass δ13C 16:0

pathwaya

(‰)b

δ13Cc 18:0

(‰)

δ13C εbiomass/16:0d

(‰)

(‰)

Synechocystis UTEX 2470

CBB

7.6e

Nitrosomonas europaea

CBB

6.9e

Allochromatium vinosum

CBB

4.8e

Hydrogenovibrio crunogenus

CBB

εbiomass/18:0
(‰)

-39.9

-44.3 ± 0.9

-46.9 ± 0.6

4.4

7

Endoriftia persephonef

-13.7

-12.2 ± 0.3

-14.2 ± 1.9

-1.5

0.5

R. pachyptila 1 trophosome

-13.5

-11.9 ± 0.3

-7.1 ± 1.6

-1.6

-6.4

R. pachyptila 2 trophosome

-9.8

-7.5 ± 0.2

-5.1 ± 1.4

-2.3

-4.7

Endoriftia persephone from R.

-9.9

-6.8 ± 0.4

-6.6 ± 0.9

-3.1

-3.3

pachyptila 2 trophosomef
Magnetococcus spp.

-3.6e

rCAC

R. pachyptila trophosome

-13.7

-8.8 ± 0.1

-9.0 ± 2.1

Endoriftia persephone from R.

-13.7

-8.6 ± 0.4

-7.1 ± 1.1

-20.4

-11.3 ± 0.4

ND

pachyptila 1 trophosomef
Chlorobium tepidum

rCAC

Chlorobium limnicola

rCAC

-4.9

-4.7

-5.1

-6.6

-9.1
-16e

a

CBB = Calvin-Benson-Bassham cycle; rCAC = reductive citric acid cycle
Standard deviation of biomass δ13C values is approximately 0.2‰
c
16:0 and 18:0 are palmitic and stearic acids, respectively, and are ± st. dev
d
εbiomass/16:0 = biomass δ13C – 16:0 δ13C; εbiomass/18:0 = biomass δ13C – 18:0 δ13C
e
Values are from (138-141)
f
Endoriftia persephone were enriched from trophosome samples by centrifugation through Percoll

b
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Figure. 2.1. Abundance of sulfur compounds in R. pachyptila incubated in pressure vessels with low or high rates of
supply of sulfide. (a) The concentration of sulfide in mixed samples of blood and coelomic fluid (p<0.05). (b) The
% content of sulfur in trophosome samples (p<0.05). Data from R. pachyptila incubated under low sulfide supply are
depicted with open circles, while data from R. pachyptila incubated under high sulfide supply are depicted with filled
circles.
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Figure. 2.2. CO2 fixation rates of trophosome homogenate prepared from R. pachyptila from pressure vessels with
low (open circles) or high (filled circles) rates of sulfide supply.
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Figure. 2.3. Temperature and pH optima for ACL (a, b) and RuBisCO (c, d) activities measured in trophosome
extracts. Error bars indicate standard error of the slope estimates. For experiments to determine active temperatures
for RuBisCO assays, results from three independent experiments are shown as different symbols (circles, triangles,
bars).
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Figure. 2.4. δ13C of internal DIC pools and their sources. Each specimen that was sampled is listed on the x-axis
(e.g., 'RP1'). 'Low sulfide' indicates R. pachyptila that were provided with low rates of sulfide supply, while 'High
sulfide' indicates high rates. 'Vent DIC' δ13C values are from water samples taken among R. pachyptila at Galapagos
and East Pacific Rise deep-sea hydrothermal vents (142, 143). 'Vessel DIC' is DIC from water samples removed from
the pressure vessels housing the R. pachyptila. 'Blood & CF DIC' is from mixed samples of vascular blood and
coelomic fluid, and 'Trophosome DIC' was extracted from trophosome samples immediately upon dissection.
'Biomass OC' is organic carbon from vestimentum samples.
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Chapter 3: Hydrogen does not appear to be a major electron donor for the deep-sea
hydrothermal vent symbiosis Riftia pachyptila
Abstract
Use of hydrogen gas (H2) as an electron donor is common among free-living
chemolithotrophic microorganisms.

Given the presence of this dissolved gas at deep-sea

hydrothermal vents, it has been suggested that it may also be a major electron donor for the freeliving and symbiotic chemolithoautotrophic bacteria that are the primary producers at these sites.
Giant Riftia pachyptila siboglinid tubeworms and their symbiotic bacteria (“Candidatus Endoriftia
persephone”) dominate many vents in the Eastern Pacific, and their use of sulfide as a major
electron donor has been documented. Genes encoding hydrogenase are present in the “Cand. E.
persephone” genome, and proteome data suggest that these genes are expressed. In this work,
high-pressure respirometry of intact R. pachyptila and incubations of trophosome homogenate
were used to determine whether this symbiotic association could also use H2 as a major electron
donor. Measured rates of H2 uptake by intact R. pachyptila in high-pressure respirometers were
similar to rates measured in the absence of tubeworms. Oxygen uptake rates in the presence of H2
were always markedly lower than those measured in the presence of sulfide, as was the
incorporation of

13

C-labeled dissolved inorganic carbon.

Carbon fixation by trophosome

homogenate was not stimulated by H2, nor was hydrogenase activity detectable in these samples.
Though genes encoding [NiFe] group 1e and [NiFe] group 3b hydrogenase are present in the
genome and transcribed, it does not appear that H2 is a major electron donor for this system, and
may instead play a role in intracellular redox homeostasis.
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Importance
Despite the presence of hydrogenase genes, transcripts, and proteins in the “Cand. E.
persephone” genome, transcriptome and proteome, it does not appear that R. pachyptila can use
H2 as a major electron donor. For many uncultivable microorganisms, -omic analyses are the basis
for inferences about their activities in situ. However, as is apparent from the study conducted here,
there are dangers in extrapolating from –omics data to function, and it is essential, whenever
possible, to verify functions predicted from -omics data with physiological and biochemical
measurements.
Introduction
Hydrogen gas (H2) is an electron-donating substrate for microbial energy generation in a
variety of chemosynthetic habitats such as mangroves, shallow sediments, hydrothermal vents,
hydrocarbon seeps, and whale falls (144-146). At vents, H2 can reach up to tens to hundreds of
micromolar, depending on the site (147-149). In these environments, H2 is used by methanogens,
acetogens, and a diversity of other microbes for energy generation (150-152).
Hydrogenases mediate the reaction, H2 ⇌ 2H+ + 2e-, and are found across all three domains

of life (153). Hydrogenases are classified according to their catalytic metal centers; the [FeFe]

hydrogenases, the [NiFe] hydrogenases and the [Fe] hydrogenases, the latter only being found in
some methanogenic Archaea. The three classes differ with respect to gene organization, location
within the cell, and function. Many of these enzymes are known to be bidirectional, but in general
the [FeFe] hydrogenases are involved in H2 evolution, whereas the [NiFe] hydrogenases are
involved in H2 consumption (153, 154). Studies in the last few years have shown that some
hydrogenases are capable of electron bifurcation and are even involved in extracellular electron
transfer (155-157). However, the physiological function of hydrogenases in many organisms
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remains putative due to their limited representation among cultivated microbes, the modular nature
of how hydrogenases are assembled, and the fact that the direction of electron flow through these
enzymes is dependent on the electrochemical potential near their catalytic sites (153, 158-160).
Symbioses between chemoautotrophic bacteria and eukaryotic hosts are ubiquitous in
many of the ecosystems in which H2 is found (161). Among most of these symbioses, inorganic
electron donors and acceptors are used to regenerate ATP and reducing equivalents for microbial
growth and biosynthesis. Moreover, the symbionts assimilate inorganic carbon and “fix” it into
metabolic precursors (e.g. simple organic acids) that are typically translocated to the host (162165). The animals, in turn, use this carbon for their own bioenergetic and biosynthetic needs. The
efficacy of these associations is apparent in the abundance of symbioses in many chemosynthetic
habitats; indeed, carbon fixation by these associations contributes substantially to net primary
productivity at vents (166).
To date, many studies have focused on the use of hydrogen sulfide (hereafter referred to as
∑H2S) by the symbionts of these associations (167), but more recently the palette of electron
donors has grown to include H2 (144, 168).

Symbionts of

the mussel Bathymodiolus

puteoserpentis has been shown via genomic analyses, environmental geochemical measurements,
and H2-dependent carbon fixation, to definitively use hydrogenases for harnessing energy from H2
oxidation (144).

Transcriptomic and proteomic studies have even found that the giant

hydrothermal vent tubeworm Riftia pachyptila’s (hereafter referred to as R. pachyptila) symbionts
express putative hydrogenase genes and proteins respectively (145, 169-171). R. pachyptila
flourishes at deep-sea hydrothermal vents in the Eastern and Southeastern Pacific, and is a
foundational species that supports high productivity rates and provides habitat for many other vent
fauna. R. pachyptila is a siboglinid worm that forms an obligate symbiosis with “Candidatus
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Endoriftia persephone” (87, 170, 172, 173), a member of Gammaproteobacteria, R. pachyptila
lacks a mouth, gut, or anus and derives most, if not all, of its nutrition from its symbionts. Early
studies of R. pachyptila tested the utilization of multiple potential electron donors, including H2,
but it was observed that only ∑H2S stimulated carbon fixation at their test conditions. That said,
earlier studies were limited to measuring substrate uptake and carbon fixation in excised symbiont
containing tissues incubated at 1 atm (174). The importance of ∑H2S to R. pachyptila’s symbionts
was further underscored by the abundance of sulfide-binding proteins in the worm’s blood (175,
176), as well as the presence of elemental sulfur among the symbionts (177, 178). These
observations, along with the measured stimulation of carbon fixation in the presence of ∑H2S,
emphasized the role of ∑H2S as the symbiont’s primary electron donor (166, 179, 180).
Nevertheless, the more recent transcriptomic and proteomic studies call into question the
relevance of H2 to symbiont function. H2 is present in the hydrothermal fluid bathing R. pachyptila
in situ, at concentrations ranging up to ~25 µM (82, 147). In basalt hosted vent sites where R.
pachyptila is found, the majority of the available catabolic energy comes from ∑H2S, nevertheless,
H2 oxidation does occur and represents ~5 -20% of total available energy in the fluid surrounding
R. pachyptila (147). Supplementation of sulfide-driven primary productivity with H2 use by R.
pachyptila could be an important aspect of this symbiosis and could plausibly contribute to R.
pachyptila’s remarkable growth rates, which in turn lead to its flourishing at high densities around
vents, and playing a key role in structuring the vent ecosystem. The aforementioned presence of
putative hydrogenases, and the recognition that earlier studies lacked the ability to replicate in situ
conditions, lead us to re-evaluate the possible relevance of H2 oxidation to the energy metabolism
of the R. pachyptila symbiont.
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As such, the purpose of this study was to determine if the R. pachyptila symbionts could
use H2 as an electron donor for chemolithoautotrophy. With that in mind, we conducted live
animal and symbiont-containing tissue incubations with or without H2, comparing rates of O2,
∑H2S and H2 consumption, as well as carbon fixation. In addition, hydrogenase assays were
performed to measure enzyme activities in symbiont containing tissues, and the presence and
transcription of hydrogenase genes from the symbiont genomes was noted.
Results
Respirometry
H2 consumption in aquaria with R. pachyptila was not significantly different from control
aquaria without R. pachyptila (Fig. 1). The two control aquaria (H2 with low and high O2
concentrations) were aggregated for this comparison as no significant difference was found
between them using a Welch two-sample test (α = 0.05). The least square means of H2 uptake
between aquaria with R. pachyptila and the aggregated aquaria without tubeworms (control
aquaria) were calculated using a generalized least square model in R, and these least square means
(LS means) were compared using a pairwise adjusted Holmes test, with α = 0.05 (181). O2 uptake
rates in aquaria supplied with H2 were lower than treatments with ∑H2S. This was true for both
high and low O2 concentrations (Fig. 2).
Carbon fixation by R. pachyptila symbioses maintained in high-pressure aquaria with either H2
or ∑H2S as an electron donor
DIC incorporation into biomass (i.e. carbon fixation) by R. pachyptila incubated in the
presence of H2 gas was 5- to 23- fold lower when compared to treatments where R. pachyptila was
given adequate ∑H2S and O2 (Fig. 3 and Fig. 4). The rates of carbon fixation for both H2
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treatments were indistinguishable from those measured when R. pachyptila was maintained in low
O2 conditions (Fig. 4).
Dissolved inorganic carbon incorporation by trophosome samples
Trophosome samples from an R. pachyptila individual maintained in the presence of H2
did not have elevated carbon fixation rates relative to the control (Fig. 5). Homogenized
trophosome from this individual had similar rates of carbon fixation when incubated in the
presence (0.034 ± 0.004 nmol CO2 min-1 mg protein) or absence of H2 (0.037 ± 0.002 nmol CO2
min-1 mg protein). Carbon fixation was solely stimulated when ∑H2S was added (0.067 + nmol
min-1 mg protein; Fig. 5).
When regressing carbon fixed against incubation time, inclusion of indicator variables for
electron donors significantly reduced the residual sum of squares (F = 87, p < 0.001). Values of
β3 and β5 from the full model (see methods) were statistically distinguishable from zero (p = 0.003
and 0.04, respectively), indicating that ∑H2S significantly stimulated carbon fixation, while values
of β3 and β5 were not, indicating that the amount of carbon fixed when H2 was added could not be
distinguished from the amount fixed in its absence.
Hydrogenase activity
Neither freshly collected R. pachyptila, nor those that had been maintained in high pressure
aquaria with H2, had measurable hydrogenase activity in trophosome samples (Table 1). Assay
mixtures of some of the R. pachyptila samples grew slightly more turbid over the 5 min assay time
course, which is reflected in the small negative values for these samples. Hydrogenase activity
was apparent in H. thermophilus MA2-6; the presence of H2 significantly increased the rate of
methylene blue reduction (p < 0.001).
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Hydrogenase genes in the “Cand. E. persephone” genome
The “Cand. E. persephone” genomes from R. pachyptila, T. jerichonana, and R. piscesae
include genes homologous to four types of hydrogenase (IMG gene identifier numbers
2600441592, 2600441595, 2600436887, and 2601634699). Using the classification and e-values
calculated by comparing these sequences to HydDB, these include [FeFe] group C1 (e < 4e-5),
[FeFe] group C3 (e < 7e-5), [NiFe] group 1e: Isp-type (as previously described in (182); e = 0), and
[NiFe] group 3b (e = 0).
Abundances of hydrogenase transcripts
Transcriptome sequencing with Novaseq resulted in an average of ~62 million reads per
sample, with ~ 36 million left after trimming. Between 3 - 27% (average 15%) of these reads
pseudo-aligned to E. persephone CDS regions. Hydrogenase genes from type 1e and 3b were
transcribed in all samples (Fig. 7; Table S1).
Differences in the relative abundances of transcripts encoding type 1e hydrogenase were
apparent in two of the treatment comparisons: 1) when O2 was high, these transcripts were more
abundant in the presence of H2 compared to ∑H2S, and 2) when ∑H2S was present, and H2 absent,
these transcripts were more abundant under low O2 conditions than under high O2 conditions.
Transcript abundances for the type 3b hydrogenase were also elevated under this second set of
conditions (Table 2).
Discussion
H2 does not appear to be a major electron donor for the R. pachyptila symbiosis. Intact R.
pachyptila maintained at quasi in situ conditions do not use significant quantities of H2. Moreover,
the presence of H2 does not stimulate O2 consumption or carbon fixation by intact R. pachyptila
41

or in excised and incubated trophosome samples. Furthermore, hydrogenase activities, specifically
H2-dependent methylene blue reduction, were not measurable in trophosome samples.
Hydrogenase genes are likely to encode active hydrogenase enzymes, and are transcribed
and expressed. The absence of evidence for H2 utilization by this symbiosis is puzzling given the
presence of genes encoding multiple hydrogenase enzymes in the “Cand. E. persephone” genome.
The two [NiFe] hydrogenase large subunit genes include signature sequences suggesting catalytic
activity of their protein products as hydrogenase. The amino acid sequence predicted from the
gene encoding the [NiFe] group 1e hydrogenase large subunit has matches to the L1 and L2
signature sequences present in other group 1e members (154). The sequence predicted from the
gene encoding the [NiFe] group 3b hydrogenase also has matches to L1 and L2 signature
sequences from group 3b, but these matches are not exact. However, they do include the two
‘CXXC’ motifs of the active site of this enzyme (154). The gene neighborhoods of these [NiFe]
hydrogenase large subunit genes provide further evidence for hydrogenase activity. Both large
subunit genes are co-located with genes encoding hydrogenase small subunits (182); Fig. 6). For
the group 1e hydrogenase genes, genes encoding accessory proteins necessary for their assembly
are also nearby (182). Genes encoding the two [NiFe] hydrogenase are indeed expressed in “Cand.
E. persephone” while present in hospite (145, 169-171), and the presence of transcripts of genes
encoding both 1e and 3b hydrogenases are consistent with expression in hospite (Table 2, Fig. 7).
Furthermore, when differences in transcript abundance are apparent, transcripts encoding all four
subunits of the type 1e hydrogenase are upregulated by similar amounts, suggesting that this
enzyme is being assembled as predicted, though protein abundances were not measured via
proteomic or Western blot analyses.
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While two potential [FeFe] hydrogenase genes from “Cand. E. persephone” are likely to
share evolutionary history with group C1 and C3 [FeFe] hydrogenases, these two genes lack
sequence signatures L1Fe, L2Fe, and L3Fe conserved among other [Fe Fe] hydrogenases and
implicated in active site architecture (154), raising doubt that the proteins encoded by these genes
are catalytically active as hydrogenases.
Potential reasons for lack of evidence for H2 use as a major electron donor by the R.
pachyptila symbiosis. It is possible that hydrogenase activity was present, but not measureable in
our assay, in which methylene blue was used as an electron acceptor. Many (183) but not all (e.g.,
(184) hydrogenases are capable of reducing methylene blue. It is also possible that reduced
methylene blue was not stable in crude cell extract prepared from trophosome samples. However,
the possibility that substantial uptake hydrogenase activity was present in these samples seems
unlikely, given that the presence of H2 does not stimulate metabolic activities of intact R.
pachyptila (Fig. 1 - 4) or “Cand. E. persephone” (Fig. 5).
Another reason for an absence of apparent use of H2 as a major electron donor, despite the
presence of hydrogenase-encoding genes in “Cand.

E. persephone”, may be that this

microorganism differentially expresses them based on its lifestyle. “Cand. E. persephone” is
environmentally transmitted between generations of R. pachyptila (185, 186), and therefore spends
some time as a free-living microorganism. It may be possible that this microorganism can use H2
as a major electron donor when it is free-living, but not when it is symbiotic with R. pachyptila.
It is also possible that these [NiFe] hydrogenases are functioning primarily to maintain
intracellular redox homeostasis in hospite. Both [NiFe] group 1e and 3b enzymes are reversible,
capable of H2 production (154, 187). Some group 3b hydrogenases couple the oxidation of
NADPH to evolution of H2 (154, 188) and are upregulated under hypoxia, to maintain an optimal
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balance of reduced and oxidized cofactors, such as NAD+/NADH (189). Transcript levels are
consistent with hydrogenase playing a role in redox homeostasis in “Cand. E. persephone”. Under
high O2 conditions, transcript abundances were higher when H2 was present, but transcript
abundances were also elevated when ∑H2S was the sole electron donor provided, and O2
concentrations were low (Fig. 7, Table 2). In both cases, the symbionts may be responding to a
lack of a) reductant or b) oxidant, which supports the hypothesis that these hydrogenases may play
a role in redox homeostasis.
Conclusions and perspectives. Altogether, the lack of physiological response of “Cand.
E. persephone” to the provision of H2 -both in hospite and in vitro- is not consistent with hypothesis
that H2 is an electron donor for energy metabolism. More specifically, the provision of H2 does
not lead to increased oxygen demand, nor does it stimulate carbon fixation. In contrast, previous
studies have consistently shown that the provision of sulfide, for example, both increases oxygen
utilization and stimulates carbon fixation. The genomic and transcriptome analyses are consistent
with the presence of biochemically-active hydrogenases, which may play a role in intracellular
redox homeostasis. As such, hydrogenase activity would not likely stimulate carbon fixation, nor
would not need to be present at activities necessary if H2 was a major source of electrons for
autotrophy; this could explain why the presence of this gas did not measurably stimulate symbiont
CO2 fixation.
Previous -omics work had strongly suggested that the ecosystem-structuring R. pachyptila
symbiosis could use H2 as an energy source/electron donor. This study casts doubt on this
possibility, and also provides a cautionary tale about extrapolating from –omics data to system
function/physiology.

This is quite timely given the growing importance of –omics data,
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particularly for the as-of-yet uncultivable majority of ecologically and environmentally relevant
microorganisms.
Materials and methods
R. pachyptila collection
R. pachyptila were collected during an expedition in October of 2016 on board the RV
Atlantis to the hydrothermal vents at the 9°N Integrated Study Site in the East Pacific (9° 50'N,
104° 18'W, 2500 m). R. pachyptila were collected via the HOV Alvin during dives to the sites
Tica and Bio 9. Live worms were stored in a thermally insulated container during submersible
transit to the surface and were sorted in ice-cold seawater or dissected immediately upon recovery.
High-pressure respirometry system
The high pressure respirometry system (HPRS) resides in a 20’ refrigerated intermodal
shipping container. This system allows for the incubation of hydrothermal vent animals at
temperatures, pressures and water chemistries that reflect in situ conditions.

This was

accomplished by using Aalborg mass flow controllers to bubble gases (H2, H2S, CO2, and O2, with
N2 as a carrier gas) through 0.2µ filter-sterilized seawater contained within 1 m tall gas
equilibration columns to re-create the chemical conditions in situ. This gas-amended seawater was
then fed to high pressure pumps (Lewa America, Inc.) which deliver this fluid into custom built
3L titanium high pressure aquaria in which the tubeworms are kept. Pressure was maintained in
the aquaria with stainless steel backpressure/relief valves (Straval, Inc.) that allow for a flow
through of ~50 ml•min-1 at a constant pressure of ~27.5 MPa (Fig. 8).
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Incubation conditions and respirometry
R. pachyptila that were quick to withdraw into their tubes when lightly touched were
selected for shipboard incubations in the HPRS. Four to six tubeworms were placed into each high
pressure aquarium, and were provided with either H2 or ∑H2S as an electron donor, at high and
low O2 concentrations (Table 3). To measure consumption of dissolved gases, water samples were
collected from the equilibration columns that supplied the aquaria (intake, or pre-aquaria sampling)
and from the back pressure valve located downstream of the aquaria (outtake; or post-aquaria
sampling). Dissolved H2 was measured with an Unisense® H2 minisensor 500 (range = 0 – 800
µM; detection limit = 0.3 µM), encased in a glass flow through cell that was placed in-line with
the intake or outtake of the aquaria respectively. O2 was measured using a PreSens® oxygen FlowThrough Cell FTC-SU-PSt3-S (range = 0 - 1400µM). ΣH2S (the sum of the sulfide species H2S +
HS- + S2-) was qualitatively measured aboard ship with a colorimetric analyses (190); LaMotte®
sulfide test kit). Subsamples were also preserved in a 2 mM zinc acetate solution and shipped to
the lab, where they were stored at -80ºC until analyses. For lab-based ∑H2S quantification, the
frozen samples were thawed and vortexed, and 100 µl were pipetted into a 96 well clear bottom
plate. 8 µl of Reagent A (LaMotte® sulfide test kit) and 2.5 µl of reagent B was added per sample,
mixed and aliquoted into a 96 well plate ~1min before reading the absorbance at 670nm with a
Spectramax i3 Plate Reader®.
Upon cessation of experiments, aquaria were slowly depressurized, tubeworms were
removed, weighed on a motion compensated shipboard balance (191) and dissected in a cold room
(~4ºC). Tissue samples were taken from the trophosome (symbiont containing) and the plume,
vestimentum and skin (non-symbiont containing) for isotope incorporation analysis, RNA
preservation, and enzyme assays. Samples used for trophosome incubations were processed
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immediately onboard the ship, as were those for transcript analysis (see below); those used for
isotopic analyses and enzyme assays were freeze-clamped and maintained at -80°C until analysis.
Uptake rates for H2 and O2 were calculated using the formula below, where total biomass
represents the total weight of the worms without their tubes in each aquarium.
�

𝐿𝐿
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(µ𝑀𝑀) − 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(µ𝑀𝑀)
� 𝑥𝑥 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓( )
ℎ
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑔𝑔)

Dissolved inorganic carbon incorporation by intact R. pachyptila

To measure the incorporation of dissolved inorganic carbon (DIC, which is the sum of the
species [CO2], [HCO3], and [CO32-]) by intact R. pachyptila in the presence of H2 or sulfide, a 99%
NaH13CO3 stock solution was added to the intake tank to achieve a final isotopic composition of
2.64% 13C (of DIC) in the aquaria water. Fluid samples were taken via gastight syringe at the inlet
and outlet of the high-pressure aquaria containing the worms, as well as the control vessels that
were run without worms. These subsamples were gently filtered through a 0.2µm cellulose acetate
sterile syringe filter, and the filtrate was gently injected into a pre-evacuated gastight sampling vial
(12 mL Exetainer; Labco Inc.). All samples were stored at 4ºC and, upon return to the laboratory,
were analyzed at the Yale Analytic and Stable Isotope Center (YASIC) on a Deltaplus XP stable
isotope ratio mass spectrometer. Post-treatment, worms were quickly dissected and samples of
trophosome, plume and skin were weighed on a microbalance, then frozen at -80° C for later
analyses. In the lab, these tissues were lyophilized with a freeze dryer (FreeZone 2.5, Labconco
Inc.), acidified with 1M HCl for ~1 min, rinsed with distilled, deionized water, and dried in a
vacuum oven (Labconco Inc) at 50ºC until weights were stable over time, indicating complete
drying. Dried samples were then pulverized with a glass mortar and pestle and sent to Boston
University Stable Isotope Laboratory, where the samples were weighed into tin boats with a
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microelectronic balance, combusted in a CN analyzer (Eurovector Inc), separated
chromatographically and run through a GV Instruments IsoPrime isotope ratio mass spectrometer.
13

C/12C isotope ratios were measured using the international standards of NBS 20 (Solenhofen

Limestone), NBS 21 (Spectrographic Graphite), and NBS 22 (Hydrocarbon Oil). δ13CV-PDB was
calculated using below equation where R is the atomic ratio (13C/12C).
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

δ13C = �𝑅𝑅

− 1� 𝑥𝑥 1000 (‰)

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

The rates of DIC incorporation into tissues were calculated from 13C incorporation using a

modification of the method in (192). The atomic percents of labeled and natural abundance
samples were calculated from δ13C values as
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐴𝐴% = �𝑅𝑅

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +1

� 𝑥𝑥 100

The percent of 13C that was incorporated into biomass was calculated as
%13 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 = �

𝐴𝐴%𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐴𝐴%𝑛𝑛𝑛𝑛𝑛𝑛
�
𝐴𝐴%𝑤𝑤𝑤𝑤𝑤𝑤 − 𝐴𝐴%𝑛𝑛𝑛𝑛𝑛𝑛

(modified from (192), where A%lab is the atomic percent of tissue that was incubated in the
presence of 13C, A%nat is the atomic percent of tissue that were not exposed to the isotopic label,
and A%wat is the atomic percent of DI13C available in the fluid to which they were exposed. The
%13 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 was multiplied by the dry weight and the % total carbon of the sample to calculate the
weight of the

13

C incorporated (W13Cinc). From this weight of

13

C incorporated, a carbon

incorporation rate was calculated as in (192).
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Dissolved inorganic carbon incorporation by trophosome samples
To determine whether H2 is used by the symbionts as an electron donor for energy
generation, homogenized trophosome was incubated in the presence of this gas and carbon fixation
was measured radiometrically. To prepare for this assay, intact R. pachyptila were incubated in
high-pressure respirometers in the presence of H2 for two days (see above). Immediately after R.
pachyptila were removed from the high pressure aquaria, trophosome was excised, homogenized,
and drawn into three glass syringes primed with buffered R. pachyptila saline and 14C-bicarbonate
as described in (130). Dissolved gas concentrations in the syringes consisted of 0.18 mM O2 and
10mM DIC; one syringe also had 0.1 mM ΣH2S, and one had 0.1 mM H2. Incubations were
maintained at 15°C and stirred with magnetic stir bars. Carbon fixation was assayed over 25
minutes at 5 minute intervals. 100 µl samples were added to 100 µl 1.2N HCl to stop the reaction,
and sparged with air for 2 hours to remove remaining 14CO2. To minimize quenching, samples
were dried, and then resuspended in 200 µl of ScintiGest tissue solubilizer (Fisher Chemical) and
20 µl of H2O2. After 20 minutes, 3 ml of ScintiVerse BD cocktail (Fisher Chemical) was added.
The following day, radioactivity was measured using a scintillation counter.
A linear regression with indicator variables was used to test whether an electron donor (H2,
∑H2S, or none) affected the amount of carbon fixed by the symbionts (IBM SPSS Statistics 24).
An F value was calculated from the residual sum of squares from a reduced model (y = β0 + β1x1,
where y = carbon fixed, and x1 = time) and a full model (y = β0 + β1x1 + β2x2 + β3x3 + β4x1•x2 +
β5x1•x3), where x2 and x3 are indicator variables for incubations with H2 and ∑H2S, respectively.
Hydrogenase assay
A spectrophotometric assay was used to measure hydrogenase activity in the H2-oxidizing
direction via methylene blue reduction (193, 194). For a positive control, Hydrogenovibrio
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thermophilus MA2-6 were batch-cultivated under 5% H2, 5%CO2, balance air, harvested via
centrifugation (5000 × g, 4ºC, 10 min), and stored at -80ºC. Assay buffer (0.1 mM methylene
blue, 20 mM KH2PO4, pH 7 with KOH) was sparged overnight with argon in a glove bag. On the
day of the assay, crude cell extracts were prepared from H. thermophilus and R. pachyptila
trophosome samples by thawing them in the glove bag and disrupting them with a mortar and
pestle in assay buffer. 0.1 ml samples and 0.9 ml assay buffer were sealed in glass cuvettes with
septa. After injecting the appropriate headspace (H2, or argon for negative controls), cuvettes were
agitated, removed from the glove bag, and methylene blue reduction was monitored at 601 nm (ε
= 7000 mol-1cm-1). Protein concentrations in the assays were measured with an RC DC protein
assay (Bio-Rad, Inc).
For the positive control, to determine whether the presence of H2 affected the rate of
methylene blue reduction, a linear regression with indicator variables was used as described above
for dissolved inorganic carbon incorporation by trophosome samples.
Bioinformatics
Genes encoding hydrogenase and hydrogenase-associated proteins were collected from
“Cand. E. persephone” genome data (R. pachyptila host: (170, 171); Ridgeia piscesae and Tevnia
jerichonana hosts: (195) available through NCBI). Hydrogenase sequences were classified using
HydDB (https://services.birc.au.dk/hyddb/; (196).
Abundances of hydrogenase transcripts
Trophosome tissue was quickly excised from three responsive tubeworms from each
treatment for mRNA transcript abundance analyses. These tissues were homogenized with a
stainless steel rotor-stator Tissue-Tearor (Cole Palmer) in 1 ml of TRizol reagent and maintained
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at - 80˚C. Total RNA was extracted using Direct-zol RNA MiniPrep (Zymo Research), following
the manufacturer’s instructions. Normalized total RNA was sent to the Microbial ‘Omics Core
(MOC) at the Broad institute for library preparation and sequencing. After barcoded adaptor
ligation and rRNA depletion, cDNA libraries were constructed from 0.5 – 1µg of total RNA, using
a modified RNAtag-seq protocol (197). In short, after reverse transcription, an adaptor was added
to the 3’ end of the cDNA by template switching using SMARTScribe (Clontech) (198). cDNA
was sequenced with a 2 x 33–75 bp paired-end protocol with the Illumina Novaseq 6000 platform.
After

sequencing,

transcripts

were

quality

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/),

assessed

using

overrepresented

reads

FastQC
were

removed (https://github.com/harvardinformatics/TranscriptomeAssemblyTools), and reads were
quality trimmed using TrimGalore (https://github.com/FelixKrueger/TrimGalore).

The

abundance of transcripts from each sample were pseudo-aligned against the published coding
regions (CDS) of the genome for “Cand. E. persephone” (171) with kallisto (199).
Four comparisons of transcript abundances in trophosome samples were undertaken in R
using sleuth (200): 1) R. pachyptila incubated under high O2 conditions with H2 versus ∑H2S, 2)
R. pachyptila incubated under low O2 conditions with H2 versus ∑H2S, 3) R. pachyptila incubated
with H2 under high O2 versus low O2 conditions, and 4) R. pachyptila incubated with ∑H2S under
high O2 versus low O2 conditions. These comparisons were done with the Wald test to calculate
beta (β) values, using log transformed data so that the β values represent an estimate of log2 fold
change between treatments. Values of p were adjusted for false discovery using the Benjamin
Hochberg method (201) with a significance cut-off value for p adjusted (qval) ≤ 0.05.
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Figure legends
FIG 3.1 H2 uptake by R. pachyptila compared to vessels without R. pachyptila (control).
Calculated using the least square (LS) means of the difference in H2 concentrations in the seawater
entering and leaving the pressure vessels. For the control, vessels without R. pachyptila were
supplied with H2 gas (~100µM) either with low (~30µM) or high (~250µM) O2 concentrations.
Data from these control vessels were aggregated as no significant difference of uptake was found
between them. Furthermore, no significant difference was found in H2 uptake when comparing
control vessels to those containing R. pachyptila (α = 0.05).
FIG 3.2 Least-squares means of O2 uptake rates by R. pachyptila incubated in vessels in the
presence of H2 or 𝛴𝛴H2S. Letters indicate data that differed statistically (𝛼𝛼 = 0.05).

FIG 3.3 LS means of Cinc by R.pachyptila incubated in vessels in the presence of H2 or 𝛴𝛴H2S.

Means were computed from data from individuals in Fig.3. Letters indicate data that differed
statistically (𝛼𝛼 = 0.05).
FIG 3.4 The inorganic carbon incorporation rate (Cinc) for individual R.pachyptila tubeworms
incubated in the presence of H2 or ∑H2S with low or high O2.
FIG 3.5 CO2 fixation by homogenized trophosome samples in the absence (-) and presence of 0.16
mM H2 or 0.11 mM H2S.
FIG 3.6 Gene synteny near putative group 1e and 3b [Ni Fe] hydrogenase genes among “Cand.
E. persephone”. The genes depicted include IMG gene object ID numbers 2600441718 - 727 and
2600441763 – 768 (T. jerichonana), 2600436877 – 887 and 2600438609 – 602 (R. pachyptila vent
Ph05), and 2601634007 – 3997 and 2601634696 – 703 (R. pachyptila vent Mk28).
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FIG 3.7 Transcripts per million (TPM) encoding type 1e and 3b hydrogenase subunits and
associated proteins for RNA extracted from trophosome samples from R. pachyptila incubated in
the presence of H2 and ∑H2S under low and high O2 conditions.
FIG 3.8 Schematic of the high pressure respirometry system. Select gases (e.g. H2, H2S, CO2, O2,
and N2) are bubbled into equilibration columns that feed high pressure pumps, which in turn pump
fluid into aquaria. Pressure is controlled via back pressure/relief valves which allow for a flow
through system.
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Table 3.1. Hydrogenase activities of trophosome samples and cultivated bacteria

Specimen

conditions Assay

before harvest

headspace gas

Species

mmol H2 min-1
mg prot-1a

nb

H. thermophilus MA2-6

Batch culture with H2

H2

0.39

1c

"

"

Ar

0.12

1

"

"

H2

1.48

1

"

"

Ar

0.00

1

R. pachyptila 1d

Freshly collected

H2

-0.001 ± 0.002

3

R. pachyptila 2

"

H2

-0.006 ± 0.007

2

R. pachyptila 3

"

H2

0.000 ± 0.003

2

R. pachyptila 4

Aquaria with H2

H2

-0.006 ± 0.005

2

R. pachyptila 5

"

H2

-0.004 ± 0.003

2

R. pachyptila 6

"

H2

-0.001 ± 0.004

2

a

values are provided ± st deviation
n = number of times activity was measured for a particular culture or individual.
c
For the H. thermophilus MA2-6 samples, values measured in the presence of H2 gas were statistically different (p <
0.001) from those measured in the presence of Ar.
d
R. pachyptila 1 – 6 are six different individuals
d
R. pachyptila 1 – 6 are six different individuals
b
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Table 3.2. Differential abundance of transcripts encoding hydrogenase subunits and regulatory proteins in “Ca. E. persephone”

H2: ∑H2Sb
High O2

Low O2

H2

∑H2S

β (qval)d

β (qval)

β (qval)

β (qval)

1.12 (4.0×10-3)

-

-

0.80 (2.1×10-2)

-

-

-

1.28 (3.0×10-2)

HyaF

2.73 (4.8×10-4)

1.53 (4.60×10-2)

-

2.30 (6.5×10-4)

1e small subunit

3.74 (4.8×10-23)

-

-

3.73 (8.7×10-35)

isp1

3.66 (5.9×10-8)

-

-

3.34 (7.7×10-17)

Isp2

3.37 (4.7×10-8)

-

-

3.50 (1.3×10-29)

1e large subunit

3.10 (5.3×10-20)

-

-

3.17 (4.3×10-12)

4Fe-S

-

-

-

0.82 (2.0×10-2)

-

-

-

1.11 (4.5×10-2)

-

-

-

1.26 (2.4×10-2)

Predicted proteinsa
Type 1e

HypD
1e

maturation

protein

Type 3b

Low O2: High O2c

NAD(P)H-flavin
reductase
3b small subunit

a

Proteins on the 1e and 3b contig that did not show any significant differential transcript abundance were not included in this table
Comparison of transcript levels in the presence of H2 (numerator) or ∑H2S (denominator), under either low or high O2 concentrations
c
Comparison of transcript levels in the presence of low (numerator) or high (denominator) concentrations of O2, when either H2 or ∑H2S were provided
d
β is the log 2 fold change relative to the treatment indicated in the denominator of the compared treatments (a:b). qval is the p adjusted value with a cut-off of
0.05
b
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Table 3.3. Incubation conditions for R. pachyptila maintained in the high-pressure respirometry system

Total

Biomass

Treatmenta

H2 (µM)

ΣH2Sb (µM) O2 (µM)

Nc

biomass (g)

Range (g)

Duration (hrs)

H2 + high O2

114 ± 5

0

272 ± 42

5 (0)

177

31 – 65

64

H2 + low O2

113 ± 12

0

31 ± 5

5 (1)

222

29 – 40

64

ΣH2S + high O2

0

148 ± 33

291 ± 11

6 (0)

48.14

2.4 - 16

52

ΣH2S + low O2

0

159 ± 34

32 ± 8

4 (1)

66.7

6.0 - 33.7

52

a

Dissolved gas concentrations are the average of measurements taken from the equilibration columns every 4 hours, ± stdev
ΣH2S = [H2S] + [HS- ] + [S2-]
c
Number of R. pachyptila placed in the aquarium is followed in parentheses by the number that expired during the experiment.
b
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Figure 3.1. H2 uptake by R. pachyptila compared to vessels without R. pachyptila (control). Calculated using the least
square (LS) means of the difference in H2 concentrations in the seawater entering and leaving the pressure vessels.
For the control, vessels without R. pachyptila were supplied with H2 gas (~100µM) either with low (~30µM) or high
(~250µM) O2 concentrations. Data from these control vessels were aggregated as no significant difference of uptake
was found between them. Furthermore, no significant difference was found in H2 uptake when comparing control
vessels to those containing R. pachyptila (α = 0.05).

Figure 3.2. Least-squares means of O2 uptake rates by R. pachyptila incubated in vessels in the presence of H2 or
𝛴𝛴H2S. Letters indicate data that differed statistically (𝛼𝛼 = 0.05).

57

Figure 3.3. LS means of Cinc by R.pachyptila incubated in vessels in the presence of H2 or 𝛴𝛴H2S. Means were
computed from data from individuals in Fig.3. Letters indicate data that differed significantly (𝛼𝛼 = 0.05).

Figure 3.4. The inorganic carbon incorporation rate (Cinc) for individual R.pachyptila tubeworms incubated in the
presence of H2 or ∑H2S with low or high O2.
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Figure 3.5. CO2 fixation by homogenized trophosome samples in the absence (-) and presence of 0.16 mM H2 or 0.11
mM H2S.
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Figure 3.6. Gene synteny near putative group 1e and 3b [Ni Fe] hydrogenase genes among “Ca. E. persephone”. The
genes depicted include IMG gene object ID numbers 2600441718 - 727 and 2600441763 – 768 (T. jerichonana),
2600436877 – 887 and 2600438609 – 602 (R. pachyptila vent Ph05), and 2601634007 – 3997 and 2601634696 – 703
(R. pachyptila vent Mk28).
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Figure 3.7. Transcripts per million (TPM) encoding type 1e and 3b hydrogenase subunits and associated proteins for
RNA extracted from trophosome samples from R. pachyptila incubated in the presence of H2 and ∑H2S under low
and high O2 conditions.
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Figure 3.8. Schematic of the high pressure respirometry system. Select gases (e.g. H2, H2S, CO2, O2, and N2) are
bubbled into equilibration columns that feed high pressure pumps, which in turn pump fluid into aquaria. Pressure is
controlled via back pressure/relief valves which allow for a flow through system.
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Chapter 4: Nitrate use by “Candidatus Endoriftia persephone”
Introduction
The supply of electron acceptors and other growth substrates is erratic at hydrothermal
vents (HTVs). In HTV diffuse flow, oxygen concentrations range from 0-110 µM over varying
time periods which can range from minutes to days (31, 34, 35). Nitrate is another potentially
accessible electron donor around HTVs (1 µM-40 µM) (35, 202, 203). In the heterogeneity of the
HTV environment, nitrate may be an alternative electron acceptor either when oxygen is not
available, or in addition to oxygen to satisfy the symbiont’s respiratory requirements.
It is apparent that both the host and endosymbiont of the Riftia pachyptila symbiotic association
can use oxygen as a terminal electron acceptor. Oxygen consumption by intact R. pachyptila in
high pressure aquaria was measured and confirmed soon after its discovery at HTVs (54). Oxygen
consumption was observed under a variety of conditions including a range of temperature and pH
(54), and pressure (68).
To facilitate delivery of oxygen to the symbiont, R. pachyptila hemoglobin has a high
oxygen carrying capacity (52). This enables the host to transport oxygen to the trophosome to
meet the demands of symbiont sulfide oxidation, or to be used as a short term oxygen store during
oxygen depletion at the HTV. Oxygen use by “Candidatus Endoriftia persephone” is evident by
stimulation of carbon fixation with the addition of oxygen (64). This evidence suggests that
symbionts oxidize sulfide and utilize oxygen as a terminal electron acceptor for energy for carbon
fixation.
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There is evidence that “Candidatus Endoriftia persephone” can use nitrate as both an
electron acceptor and a nitrogen source. R. pachyptila blood and coelomic fluids have elevated
nitrate concentrations (<1mM), suggesting that the host is specifically acquiring nitrate from the
environment (204). Symbiont metabolism of nitrate is suggested by the stimulation of nitrite
production by the presence of the electron donor sulfide. Additionally, nitrite production increases
when oxygen concentrations are low (70). The symbiont metagenome contains the entire suite of
genes for dissimilatory nitrate reduction (62).

Transcripts of key enzymes involved in

dissimilatory nitrate reduction (NarGHJ) and ammonium assimilation have been detected (57, 62,
203). Nitrate is reduced to nitrite and the nitrite could be further reduced to ammonium via
NirFHT, which have been identified in the proteome (56, 62, 71).
It is evident that symbionts can use nitrate as a nitrogen source (56, 62, 70, 71), but the
contribution of nitrate as an electron acceptor during respiration or assimilation for biosynthesis is
unclear. To clarify its role, I determined whether its presence stimulated carbon fixation by intact
symbionts. To verify that the symbionts were indeed capable of reducing nitrate, I measured
carbon fixation in the presence of nitrate and nitrate reductase activities in trophosome samples
via a colorimetric methyl viologen assay.
Methods
R. pachyptila collection
R. pachyptila were collected in October 2016 at the 9°N Integrated Study Site in the East
Pacific (9° 50'N, 104° 18'W, 2500 m). R. pachyptila were collected with the HOV ALVIN during
dives to Tica and Bio-9 sites, and contained in a thermally insulated box during ascent. Upon
reaching the surface, R. pachyptila were dissected, and samples were either used immediately for
DIC incorporation assays, or frozen at -80C for nitrate reductase assays.
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Nitrate stimulated carbon fixation by trophosome homogenate
To determine whether nitrate stimulated symbiont DIC fixation, carbon fixation by
trophosome homogenate was measured as in Scott et al., 2011. Homogenized R. pachyptila
trophosome was incubated in glass, air-tight syringes with buffered R. pachyptila saline solution
(63)and 14C-bicarbonate in the presence of 0.18 mM O2 and 10mM DIC; one syringe also had 0.1
mM ΣH2S, one had 1mM NO3, and one had 0.1 mM ΣH2S with 1mM NO3. Syringes were
incubated at 15°C and stirred with magnetic stir bars over 25 minutes, and sampled at 5 minute
intervals. 100 µl subsamples were added to 100 µl 1.2N HCl to stop the reaction, sparged with air
for 2 hours to remove remaining

14

CO2, and then resuspended in 200 µl of ScintiGest tissue

solubilizer (Fisher Chemical) and 20 µl of H2O2 to minimize quenching. After 20 minutes, 3 ml
of ScintiVerse BD cocktail (Fisher Chemical) was added. The following day, radioactivity was
measured using a scintillation counter.
Nitrate reductase activity in Riftia pachyptila trophosome, and Riftia pachyptila vestimentum
Nitrate reductase activity was assayed using a colorimetric methyl viologen assay as
described by MacGregor et al. (205). Anaerobic conditions were maintained by performing the
assay under argon gas in a Glas-Col glove bag. Reactions were carried out in glass, crimp-top
serum vials and pressurized with argon gas. Trophosome samples were thawed, pulverized in
liquid nitrogen, and added to 4.5 ml of nitrate reductase assay buffer (250 mM sodium phosphate,
50 mM sodium nitrate, 0.05% methyl viologen, and 0.05 mM dithiothreitol, pH 7.1) with 500 µl
of initiation reaction solution (0.8% sodium bicarbonate and 0.8% sodium dithionite). Negative
controls were carried out in assay buffer without nitrate. The addition of suspended trophosome
extract initiated the reaction, and 500 µl subsamples were taken every minute for four minutes.
The reaction was stopped by shaking reaction vials until the solution turned clear. Subsamples
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were centrifuged for 5 minutes, 500 µl of a 1% sulfanilic acid solution in 20% HCl was added and
mixed into the reaction vials, 500 µl of 0.129% solution of N-1-naphthy-lethylenediamine diHCL
was added, and samples were incubated for 10 minutes at room temperature. The absorbance at
604nm was measured on a Thermospectronic Genesys 5 UV-vis spectrophotometer. Protein
concentrations in the assays were measured using a Bio-Rad RC DC Protein Assay Kit.
Results
Nitrate stimulated carbon fixation by trophosome homogenate
Nitrate stimulated carbon fixation by trophosome homogenate (Fig. 1). Homogenized
trophosome from an R. pachyptila individual with a lighter colored trophosome had the highest
carbon fixation rates when nitrate was added, both in the presence and absence of H2S (Fig. 1A).
The addition of only NO3- significantly stimulated carbon fixation, and the addition of only H2S
did not stimulate carbon fixation (Fig. 1A). Homogenized trophosome from an R. pachyptila
individual with a darker trophosome fixed CO2 most rapidly in the presence of NO3- with the
addition of H2S (Fig. 1B). The addition of only NO3- slightly stimulated carbon fixation, and the
addition of only H2S did not stimulate carbon fixation (Fig. 1B).
Nitrate reductase activity in trophosome and vestimentum from Riftia pachyptila
Methyl viologen oxidation rates as a proxy for nitrate reduction were significantly higher
in trophosome versus respective vestimentum samples within three worms (Fig. 2A-C). Addition
of nitrate to trophosome homogenate significantly increased methyl viologen oxidation rates in
two worms (two-sided t-test; p<0.05, Figure 2A-B). In worm 3, the rate of methyl viologen
oxidation was not significantly different in the trophosome without NO3- versus with NO3- (two-
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sided t-test; p<0.05, Fig. 2C). The addition of nitrate significantly stimulated the rate of methyl
viologen oxidation in the positive control H. crunogenus (two-sided t-test; p<0.05, Fig 2D).
Discussion
It is apparent that “Ca. E. persephone” metabolizes nitrate and R. pachyptila assimilates
nitrogen (71). I demonstrate here that nitrate stimulates carbon fixation, and nitrate reductase
activity is apparent in trophosome samples. This supports the hypothesis that nitrate is reduced
for respiration to produce ATP.
Although many measurements of nitrogen metabolism have been made on R. pachyptila
samples and symbionts, this is the first time nitrate reductase assays have been conducted on
trophosome samples. In prior studies, purified symbionts were shown to reduce NO3- to NO2- (70).
Nitrate elimination from R. pachyptila maintained in pressure vessels is significantly less than
observed nitrate uptake, indicating a nitrogen sink. Additionally, ammonia was measured as a
product of nitrite reduction in trophosome tissue, supporting the hypothesis that nitrate reductase
is utilized for biosynthesis (71).
Endosymbionts of Riftia pachyptila have the ability to reduce NO3- via nitrate reductase.
Rates of NO3- stimulated methyl viologen oxidation were higher in trophosome homogenate
from all 3 of the worms compared to respective vestimentums (p<0.05, Figure 2A-C). These
rates in 2 of 3 trophosomes were significantly higher than when these samples were incubated in
the absence of added NO3- (Figure 2A-C). The high rates of methyl viologen reduction by
trophosome homogenate in the absence of added NO3- may be due to the presence of NO3- in the
blood of the tubeworm (<3.2 mM) (206) which is difficult to eliminate from the samples (204).
To confirm that NO3- in R. pachyptila blood could potentially stimulate nitrate reductase activity,
samples of H. crunogenus cell lysate were incubated in the presence of R. pachyptila blood.
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Even in the absence of added nitrate, these samples oxidized methyl viologen when R. pachyptila
blood was added. Trophosome nitrate reductase activities are overall lower compared to H.
crunogenus activities due to the presence of host tissue in the homogenate sample. This results in
higher protein in the denominator of protein normalized nitrate reduction rates, which explains
why the calculated activities of nitrate reductase in trophosome samples are less than those
measured in H. crunogenus.
NO3- stimulates symbiont carbon fixation by R. pachyptila trophosome homogenate
(Figure 1). However, sometimes the stimulatory effect of nitrate required the addition of sulfide,
and sometimes it did not.

Carbon fixation was stimulated in the presence of NO3- when

homogenate from a lighter colored trophosome sample was incubated with and without sulfide
(Figure 1A). Trophosomes that are lighter colored contain high concentrations of elemental sulfur,
which is an intermediate in sulfide oxidation by symbionts. In lighter colored trophosome samples,
symbionts could likely use this elemental sulfur as an electron donor (55, 207), thus adding sulfide
did not stimulate carbon fixation.

Carbon fixation in homogenate from a darker colored

trophosome sample was only stimulated if both sulfide and nitrate were added (Figure 1B). Dark
green to black colored trophosomes do not have appreciable elemental sulfur stores (65). In the
absence of sulfide there is not an available electron donor. Because O2 is known to be an electron
acceptor in the respiratory pathway of “Ca. E. persephone”, future carbon fixation assays should
be performed under strictly anaerobic conditions. If NO3- stimulates carbon fixation under
anaerobic conditions, it would suggest that NO3- is indeed an alternative electron acceptor in the
respiratory pathway of the symbiont.
The role of nitrate reduction in “Ca. E. persephone” metabolism is unclear. It is evident
that “Ca. E. persephone” utilizes nitrate reductase, but its contribution to either respiration or
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assimilation could not be determined based on the results from this study. However, incubations
of intact R. pachyptila do suggest that the role of nitrate reductase is primarily assimilatory. NO3uptake rates are lower in R. pachyptila collected from NH4+ replete habitats (33). If the primary
function of nitrate reductase in “Ca. E. persephone” is respiratory, then host NO3- and NH4+ uptake
rates should not depend on environmental NH4+ concentrations. In order to confirm the results
reported in this study, future carbon fixation assays should be performed under strictly anaerobic
conditions.
Future experiments could measure the products of nitrate uptake and excretion in aquaria
medium and worm tissue from intact R. pachyptila incubations with varying NH4+ concentrations.
If the primary role of nitrogen for this symbiosis is assimilatory, there will be more NO3 uptake in
a low NH4 incubation versus a higher NH4 incubation, and nitrogen excretion would be low. This
would show that bacterially mediated NO3 reduction is being used to supplement the nitrogen
requirement for biosynthesis.

If the primary contribution of nitrogen to this symbiosis is

dissimilatory, then NO3 uptake will not be significantly different between low vs high NH4
incubations, and NO3 and NH4 excretion from the worm would be more proportional to uptake
than if it would be if used for assimilation.
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Figure 4.1. Dissolved inorganic carbon fixation in trophosome homogenate from 2 tubeworms. Carbon fixation was
measured in trophosome homogenate from an R. pachyptila individual with a lighter colored trophosome (A) and an
R. pachyptila individual with a darker colored trophosome (B) in the presence of 0.18 mM O2, 0.1 mM H2S, 1 mM
NO3-, and 1 mM NO3- + 0.1 mM H2S.

70

Figure 4.2. Nitrate stimulation of methyl viologen oxidation in homogenized trophosome containing symbionts and
symbiont-free vestimentum samples from R. pachyptila, with and without the addition of NO3-. NO3- reductase rates
that are statistically distinct (two-sided t-test; p<0.05) are labelled with different lowercase letters.
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Chapter 5: Conclusion
The objective of the research reported here was to investigate potential mechanisms that
enable the Riftia pachyptila-“Candidatus Endoriftia persephone” symbiosis to thrive in the
heterogeneous habitats associated with HTVs. Carbon fixation capability and potential alternative
redox substrates were investigated based on previous predictions from metagenome,
transcriptome, and proteome data (33, 56, 57, 62, 70, 71, 208). Here, I tested these predictions
with biochemical and physiological measurements.
Carbon fixation pathways
I hypothesized that under low sulfide conditions the energetically favorable reductive citric
acid cycle (rCAC) is more active than the CBB cycle in “Ca. E. persephone”. This study found
no difference in the activity of either the CBB cycle or the rCAC in trophosome samples removed
from R. pachyptila incubated under low or high sulfide conditions. Our results do not support
predictions that rCAC is more active in low energy conditions. Assertions of the dominance of
either the CBB or the rCAC carbon fixing pathways in “Ca. E. persephone” (47, 56, 62) or
simultaneous expression (209) have been made many times. It was also reported that the
expression of these carbon fixing pathways might be influenced by regional habitat (58).
However, it has been previously shown that RuBisCO activity does not vary in symbionts collected
from high sulfide versus low sulfide habitats (210), which this study has also demonstrated. These
pathways could be expressed in parallel in the same symbiont cell, differentially as a result of
microhabitat chemistry within the trophosome, or in response to the region specific HTV habitat
chemistry (e.g. the EPR, Mid-Atlantic Ridge, Lau Basin, or Juan DeFuca). It is additionally
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confounding that each pathway produces different precursor molecules for biosynthesis (47),
which could influence the regulation of expression of either pathway based on the host’s nutritional
requirements.
The evolutionary origin of the rCAC in “Ca. E. persephone” is unknown, It appears to
have been horizontally acquired as few members of Gammaproteobacteria use the rCAC (211).
Until recently, “Ca. E. persephone” was believed to be the only bacterium with two carbon fixing
pathways, but a recent identification of ATP citrate lyase genes in the genome data from a
tubeworm-associated endosymbiont in the Mediterranean Sea has hinted at the presence of both
the rCAC and the CBB in this symbiont (127). The presence of both pathways has since been
suggested by genome data from free-living bacteria as well, suggesting that their co-occurrence
might be more common than previously thought (126, 208, 212). A broader enzymatic study of
the presence and functions of these pathways could provide better insight into the circumstances
under which each of these carbon fixing pathways are utilized in these endosymbionts and in other
bacteria that have the genetic potential for both.
Hydrogen as an electron donor
I hypothesized that “Ca. E. persephone” uses H2 to supplement the use of H2S as an
electron donor. The symbiont does not use H2 for energy to fuel carbon fixation despite the
presence of hydrogenase genes and proteins detected in –omics studies. The use of hydrogen as
an energy source for this symbiosis has been predicted (85, 211), but is not supported by the
research reported here because we did not measure the stimulation of carbon fixation in the
presence of H2, nor H2 stimulated methylene blue reduction. Transcription of a putative 1e
hydrogenase (213, 214) was upregulated when O2 was high, in the presence of H2 compared to
H2S, when H2S was present and H2 was absent, and low O2 conditions compared to high O2.
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Hydrogenase genes homologous to form 1e and 3b (212, 213, 215) were identified in the “Ca. E.
persephone” genome. Form 1e and 3b are Ni-Fe type hydrogenases that have bidirectional
potential. Reversible hydrogenases catalyze hydrogen evolution in the reversible reaction H2 ↔
2H+ + 2e- (214).
Other bacteria whose genomes encode multiple hydrogenases upregulate them
differentially under different growth conditions. Mycobacterium smegmatis, an aerobe, has genes
encoding three distinct hydrogenase genes which enable the cell to adapt to energy and oxygen
limitation (216). Expression of each of the three hydrogenases (forms 2a, 5, and 3b) was quantified
in response to different growth conditions. Form 2a consumed H2 from cellular metabolic
processes (scavenging), and the form 5 hydrogenase, a high affinity enzyme, oxidized H2 from the
environment. Both aided respiratory processes and ATP production. 3b hydrogenase in M.
smegmatis is a NAD(P)+ linked bidirectional hydrogenase. This 3b hydrogenase is oxygen
tolerant, but was shown to be upregulated under hypoxia (216).. These results are consistent with
a hydrogen evolving function in response to oxygen limitation for the oxidation of NAD(P)H.
“Ca. E. persephone” may not be using H2 for energy but may be responding to an environment
that is low in reductant (e.g. when O2 is high and H2 is present), or to low oxidant availability (e.g.
when O2 is low and H2S is present). In this circumstance, hydrogenase could maintain redox
homeostasis by oxidizing cellular electron carriers (e.g., NAD(P)H) when in excess, and reducing
these cellular electron carriers when their oxidized forms predominate.
Nitrate as a nitrogen source or as an electron acceptor
I hypothesized that “Ca. E. persephone” can supplement oxygen as a terminal electron
acceptor by using nitrate. Indeed, nitrate stimulates carbon fixation in freshly collected R.
pachyptila trophosome and nitrate reductase activity was measured in trophosome homogenate.
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However, the extent of its contribution to the R. pachyptila symbiosis is still not resolved. The
symbiont has been shown to reduce nitrate to ammonia (71) and 15NO3 added to aquaria was
incorporated into R. pachyptila biomass (217). Furthermore, R. pachyptila from an environment
with high NH4+ have low NO3- uptake (33). If nitrate were functioning as an electron acceptor, its
rates of uptake would not be sensitive to the NH4+ concentrations in the environment. Conflicting
with results of previous experiments that posited nitrate is primarily used for assimilation (33, 71),
the nitrate experiment reported here correlates carbon fixation rates with the presence of nitrate.
These results suggest either that nitrate could act as an electron acceptor during respiration, or that
its primary function is as a nitrogen source. If electron transport is stimulated in the presence of
nitrate as an electron acceptor during respiration, then ATP and NADPH production will increase
and thus, carbon fixation increases. Alternatively, the availability of NO3- could regulate carbon
fixation in response to nitrate availability for biosynthetic processes. These pathways are not
exclusive, but the extent of the contribution of nitrate reductase in “Ca. E. persephone” to either
assimilation or respiration remains to be quantified.
The nitrate experiments reported here did not measure an end product as a result of nitrate
reduction. If nitrate is used for respiration, then nitrite or N2 would be an end product of nitrate
reduction in this symbiosis. If nitrate is used for assimilation, ammonia or amino acids would be
the end product of nitrate reduction. Nitrite production has been measured in purified symbionts
of R. pachyptila but the mechanism of nitrate reduction was not deduced (70). Here, we confirm
that the mechanism of nitrate reduction for this symbiosis is nitrate reductase in the symbiont “Ca.
E. persephone”. However, no inference can be made about the contribution of nitrate reductase to
either dissimilatory nitrate reductase for respiration or assimilatory nitrate reductase for
biosynthesis from this study.
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Summary
The results of this study failed to support statements made about the rCAC and CBB cycle
and predictions made about the identities of redox substrates. Further evidence is needed to show
that (1) carbon fixation pathways are indeed differentially expressed, (2) hydrogen is used for
energy, and (3) to what extent nitrate reductase is utilized in either respiration or biosynthesis.
These studies highlight the necessity for biochemical and physiological studies to support
results from -omics investigations. For example, gene sequence data can be used to generate
hypotheses about gene function based on sequence similarity to biochemically characterized
homologs, but those similarities are based on previously characterized gene sequences which may
have substantial differences in primary structure, and therefore have considerably different roles
(e.g., enzyme activities).

Furthermore, the presence of a gene, of itself, does not provide

information about if and when the gene is transcribed. Additionally, if a gene is transcribed that
does not always result in the presence of the protein. Proteins can be post transcriptionally
modified. Enzyme activities are further influenced by the maximal rate of the enzyme (Vmax),
affinity of the enzyme for its substrate (Km), and positive or negative allosteric regulation. Because
of this disjunction between –omics data and organism function, further physiological experiments
are necessary to better understand how “Ca. E. persephone” adapts to the heterogeneity of the
HTV environment.
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Appendix: Characterization of a putative ATP lyase gene from “Candidatus Endoriftia
persephone”
Objective
A potential citrate cleaving enzyme is encoded in the genome of “Ca. E. persephone”, and
has been proposed to catalyze the first step of the reductive citric acid cycle (209). To determine
whether this enzyme is capable of cleaving citrate, the genes encoding it were cloned into an
expression vector for heterologous expression in E.coli.
Methods
Cloning
Genomic DNA was purified from the trophosome of Riftia pachyptila using the primers
listed (Table 1) with a QiaQuick PCR purification kit, and ATP citrate lyase (ACL) genes from
“Ca. E. persephone” (IMG ID 2600441586 and 2600441587) were amplified with an Invitrogen
Platinum Superfi DNA polymerase kit. PCR conditions were as follows: melt temperature 95°C
for 30 seconds, annealing temperature 50°C for 30 seconds, and 72°Cfor 4 minutes for 35 cycles.
The amplified DNA was inserted into a pBAD-TOPO vector and transformed into One Shot®
TOP10 Chemically Competent E.coli. Expression of ACL genes was driven by an arabinose
(araBAD) promoter. Tight regulation of expression was important due to the potential toxicity of
ACL in E.coli. Vector sequences were amplified via colony pick PCR to screen transformed
bacteria for the presence of plasmids and plasmids were purified using a QIAquick PCR
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Purification kit. Purified plasmids were sent for sequencing to Macrogen to verify that the genes
were free from mutations introduced during PCR amplification.
Table A1. Primers for amplification of both the α and β ACL genes from the endosymbiont of Riftia pachyptila

Endoriftia ACL 5’

5’- GAG GAA TAA TAA ATG CGT TAC GGC GCG AAA CTC- 3’

Endoriftia ACL 3’

5’- CGG TGC CAG CAA ATT CTT CGC TA- 3’

Expression of ACL genes
Two strains of E. coli were cultivated for ACL expression; in strain 6, the ACL genes were
in the forward orientation relative to the promotor, while in strain 7, they were in the reverse
orientation, to act as a control. These strains were grown in 250 ml of LB with 100 µg/ml
ampicillin at 37°C in 2L Fernbach flasks on a shaker table. A pilot experiment to determine the
optimum concentration of the arabinose inducer did not show a difference in growth rate between
0.0002-0.2% arabinose. Once the OD600 = ~0.5, 0.2% arabinose was added to the cultures and the
incubation temperature was changed to 30°C. The next day, cultures were centrifuged for 10
minutes at 10,000 G at 4°C, washed in 20 mM MgCl2, centrifuged as before, and the pellets were
stored at -80°C until day of use.
SDS Polyacrylamide Gel Electrophoresis (PAGE)
The presence of ACL alpha and beta subunits was investigated using construct 6 and
construct 7. The detection of inclusion bodies in the insoluble portion of the sample was
investigated using construct 6. Frozen culture pellets were resuspended in 3 ml of 50 mM Tris pH
8 and sonicated on ice (Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA) with 0.5 g of fine
glass beads 5X for 15 seconds each. Sonicant was centrifuged at 10,000 G at 4°C for 5 minutes.
Fifty µl of supernatant (50 µl of supernatant and 50 µl pellet of for the investigation of inclusion
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bodies in the insoluble fraction) with 50 µl of gel loading buffer (50 mM Tris [pH 6.8], 2% SDS,
0.1% bromophenol blue, 10% glycerol, 100 mM DTT) was incubated at 95°C for 10 minutes. 30
µl of these mixtures were loaded into a 10% SDS PAGE gel using the procedure from J. Sambrook
and D. W. Russell (218). Gels were stained with Coomassie blue and scrutinized for the presence
of proteins at 44 and 96kD for the ACL beta and alpha subunits, respectively.
The detection of inclusion bodies in the insoluble portion of the sample was
investigated using construct 6. Frozen culture pellet was resuspended, sonicated, and centrifuged
as described above. Fifty µl of loading buffer was added to each of 50 µl of supernatant and 50 µl
of pellet and then incubated at 95°C for 10 minutes. 30 µl of each of these mixtures was loaded
into a 10% SDS PAGE and the procedure was followed as described above.
ACL assay
Frozen pellets of construct 6 and 7 were resuspended in 3 mL of assay buffer (30 mM
MgCl2, 5 mM DTE, 30 mM NaHEPES, pH 8) and sonicated on ice (Sonic Dismembrator, Fisher
Scientific, Pittsburgh, PA) with 0.5 g of fine glass beads 5X for 15 seconds each. Sonicant was
centrifuged at 10,000 G at 4°C for 5 minutes and desalted using a PD-10 desalting column (GE
Healthcare, Buckinghamshire).

ACL was assayed spectrophotometrically by tracking

oxaloacetate synthesis from citrate: oxaloacetate synthesis was tracked via NADH oxidation by
malate dehydrogenase, which reduced the oxaloacetate to malate (141, 209). 1 ml of assay buffer
was sealed in an anaerobic quartz cuvette and sparged with argon. A solution of 1.5 mM adenosine
5'-triphosphate disodium salt, 0.1mM coenzyme A free acid trihydrate, β-nicotinamide adenine
dinucleotide, disodium salt, hydrate (NADH; 0.1 mM), and malate dehydrogenase (from porcine
heart, E.C. 1.1.1.37, 200 U; MP Biomedicals, Solon, OH) was added to the cuvette followed by
50 µl of desalted extract. Sodium citrate (0.1 mM final concentration) was injected to begin the
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reaction. A340 (ε340 = 6.2 mM-1 cm-1) measurements were taken every 60 sec for 5 minutes.
Klebsiella citrate lyase (Sigma-Aldrich) was used as a positive control. Protein was measured
using a Bio-Rad RC DC Protein Assay Kit.
Results
Bands corresponding to alpha and beta subunits of ACL were not visible in SDS PAGE
gels of extracts from strain 6 or 7, despite confirmation of the presence of the genes encoding them
by PCR in the E.coli transformants (Figure 1a).

Protein bands of construct 6 were

indistinguishable from construct 7, the negative control. The presence of neither the ACL alpha
nor the beta subunit was detected in the insoluble portion of the construct 6 pellet.
Discussion
Successful uptake of the “Ca. E. persephone” ACL gene into the E. coli plasmid was
accomplished, but the proteins are not expressed. Experiments with qRT-PCR could be performed
to detect transcription of the gene by the E. coli construct in the presence of different
concentrations of arabinose inducer over time.
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Figure A1. SDS PAGE gels of (a) construct 6 (C6) and construct 7 (C7) for detection of differential expression of
protein bands at 96 kD (ACL alpha subunit) and 44 kD (ACL beta subunit), and (b) construct 6 supernatant (S) and
pellet (P) for detection of inclusion bodies in the insoluble portion of the cell pellet.

Figure A2. Citrate cleaving activity by ACL E.coli construct 6 in the (+) presence and absence (-) of sodium citrate.
Klebsiella citrate lyase was used as a positive control.
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